Institute For 
Information 
Storage | 

Technology 


University of Santa Clara 


Institute For 
Information 
Storage 

Technology 


University of Sanita Clara 


LECTURE NOTES 


FOUR-DAY SHORT COURSE ON 
INFORMATION STORAGE TECHNOLOGY 


MARCH 25 - 29, 1985 


PRESENTED IN COOPERATION WITH 


[EEE 
CARNEGIE-MELLON UNIVERSITY - MIC 
UNIVERSITY OF CALIFORNIA AT SAN DIEGO - CMRR 
UNIVERSITY OF MINNESOTA - MINT 


Institute For 
Information 
Storage 

Technology 


University of Santa Clara 


FOUR-DAY SHORT COURSE ON 
INFORMATION STORAGE TECHNOLOGY 


GENERAL INFORMATION 


DATES: Session | March 25 - 28, 1985 (Mon-Thurs) 
Session | March 26 - 29, 1985 (Tues-Fri) 
CLASS HOURS: 8:30 a.m. to 4:30 p.m. each day 


Includes Coffee Breaks and Lur:. >: 
RECEPTION: Wednesday, March 27th, 5:00 pm. to 7:00 pm. 


LOCATION: Daly Science Center, Room 206 or 207 
University of Santa Clara, Santa Clara, California 


FEE: . $650 — Includes Coffee Breaks, Lunches, Reception, and 
Course Notes. | 


Make check ocyable to “University of Santa Clara” 
TO REGISTER: Mail registration fo:m, with fee, to: 


Institute for Information Storage Technology 
University of Santa Clara ~ 

Suite 201 

900 Lafayetie Street 

santa Clara, CA 95050 


LODGING: The University is located within five minutes of the San Jose International Airport. 
Hotels in the vicinity include: 
ked Lion (408) 279-0600, (800) 547-8010, 
Hyatt House (408) 298-0300 or (800) 228-9000, 
Howard Johnsons (408) 287-7535 or (800) 654-2000. 


Attendees will be expected to make their own hotel reservations. 


For further information, phone (408) 984-4294. 
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TOPICS AND SPEAKERS 


Magnetism and Magnetic Recording Materials 


The origin of magnetism, intrinsic and extrinsic properties of magnetic materials that determine 
their behavior in magnetic recording. Coercivity mechanisms, M-H loops and possible future 
developments in magnetic materials. Non-magnetic properties of materials and their importance. 


Geoffrey Bate 
Verbatim Corporation 


The Physics of Magnetic Recording 


The physics underlying the recording process, demagnetization and field equations. Analysis 
of the write and reproduce process, including reciprocity, temporal and frequency response, and 
magnetization paftern dependency. 


Neal Bertram 
Center for Magnetic Recording Research 


Thin Magnetic Phenomena and Processes 


Magnetic properties of thin films and their relation to microstructure. Domain phenomena in 
thin film heads, thin film head and media fabrication techniques. Magneto-resistive and magneto- 
optic phenomena. | 


Robert White 
CDC 


Magnetic Recording Heads 


Theory and practice of magnetic heads, including: record gap; fields required as a function 
of gap length, wavelength and media coercivity: efficiency and record current estimation; satura- 
tion effects. Several types of magnetoresistive heads and head generated noise will be discussed. 


| Fred Jeffers 
Kodak Research Laboratory 


Analog Recording Systems and Noise 


Physical origins of media, head and electronics noise, including expressions for the narrow- 
band and wide-band signal to tape noise ratios. The three main types of analog recording systems; 
audio, instrumentation and video: the use of ac bias, pre-equalization and post-equalization. 


John Mallinson, UCSD 
Center for Magnetic Recording Research 


Tne Magnetic Recording Channel 


Sources of noise in digital recording systems, linear and non-linear distortions, intersymbol in- 
terference, channel coding, equalization, detection, partial response, clock recovery, and linear versus 
tract density tradeoffs. : 


Mike Haynes 
IBM 


Optical Recording and Storage Media 


Optical components, design aspects of optical recording systems and optical media. Read 
only, write once and erasable optical storage, applications and performance characteristics. Cur- 
rent product activities. 


Allan Bell 
IBM 


Systems and Applications — Future Trends 


Basic attributes of disk (rigid and flexible) and tape data storage devices. Cost/oerformance 
design tradeoffs. Comparison of alternative storage technologies in terms of applications. 
Technological trends and their potential significance to the nature of the data storage marketplace 
of the future. | 


Al Hoagland, sCU 
Institute for Information Storage enone 


Institute For 
Information 
Storage 

Technology 


University of Santa Clara 


(408) 984-4294 
About the Institute: 


The Institute has been recently established to meet the need for continuing education by 
engineers working in the field of data storage and to create a supply of trained students in the rele- 
vant technical areas. Mass storage is a high technology area that is absolutely critical fo the current 
and future evolution of information processing systems. The perspectives addressed by the Institute 
are information storage needs, their engineering challenges, and close cooperation and interac- 
tion with industry. : | 


The Institute is located in the heart of data storage activity (“Silicon Valley’) and, thus, is able 
to profit from the innovative environment and expertise of this region and, in turn, play a direct con- 
triduting role in serving its technical community. | 


A major commitment has been made to the develooment and dissemination of teaching 
material and course offerings in fhe fields of information storage technologies and mass storage 
devices, an area where the University of Santa Clara has been the pioneer and intends to remain 
the leader. | ; : | - 


This course is buf one in a planned set of offerings to disseminate information on the current 
state of the art. | 
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Magnetism and Magnetic 
Recording Materials 


Geoffrey Bate 
Verbatim Corporation 


MAGNETIC RECORDING MATERIALS 
Origin of magnetism; electrons in motion 


Diamagnetism, paramagnetism, ferromagnetism, ferrimagnetism and 
. antiferromagnetism 


Exchange interaction 


Magnetic properties: intrinsic (Mc, Ki, Ko, Curie temperature) 


Magnetic properties: extrinsic (Mr, Hc, permeability) 


Domains and domain walls 
The hysteresis loop 
Single-domain particles 


Shape, crystalline and strain anisotropy 
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MAGNETIC RECORDING MATERIALS 

Orientation and disorientation 

Modes of magnetization reversal in single-domain particles 
" Temperature-and-stress-dependence of magnetic properties 


Preparation and properties of particles of: 
y-Fe203 
Cr02 
cobalt-iron oxides 
barium ferrite 
metals 


- preparation of thin films by: 
- electroplating 
- chemical plating 
- sputtering 
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MAGNETIC RECORDING MATERIALS 


Important non-magnetic properties of recording materials 


particle loading 

coating thickness, smoothness 
particle size and surface area 
dispersion and uniformity © 
reliability - freedom from defects 


durability 

coefficients of friction 
hardness and abrasivity 
resistivity 
transmissivity 
corrosion resistance 
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| MAGNETISM 


© A property of orbiting and spinning electrons 


\ 


© Spin is more important than orbital motion 


@ in an isolated atom the orbital magnetic moment is usually 
larger than the moment arising from spin. 

@® a moment even smaller is associated with the nucleus. 

@ in a ferromagnetic solid the orbital moments of neighboring atoms 
interact through the crystal lattice ("quenched") leaving only 
the spin moments active. . 
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e Electrons in same orbit have opposite spins 


@ Pauli Exclusion Principle: if two electrons in an atom 
have the same principal quantum number 
the same azimuthal quantum number 
the same magnetic quantum number 


»then the spins must be opposed. 


it is convenient through inaccurate, to regard an electron 

as a localized (point) charge. A more accurate,.though less 
easily visualized, description is provided by wave mechanics 
and involves a cloud extending around the orbit in such a way 
that the local density of the cloud represents the possibility 
of finding the electron at that position. | 
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ATomic QORBITALS 


») electrons 


the application of the Pauli Exclusion Principle leads to a system of 


atomic orbits in which each orbit fs associated with one or more 
orbitals. : 


the first orbit holds a maximum of 2 electrons 


2nd . 6 6 * " 8 electrons 
" 3rd ° ~, = _ * 18 electrons 
" 4th = °* =. % * 32 electrons 
R 5th @ i] e . a 


50 electrons 
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TABLE I. Electronic configurations of the elements and mass susceptibilities of bulk material. All ‘ha ground terms given have been derived from experienent 
with the exception of those in bracket: " 


from "Modern Magnetism" 
L.F. Bates 


Diamagnetism: 


Paramagnetism: 


“TYPES OF MAGNETISM» 


Diamagnetic 


Paramagnetic 


an even number of electrons present 
they fill up the orbitals in order 
Is, 28, 2p, 38, 3p, 3d, 4s, 4p, 4d, etc 


no net atomic moment 


an odd number of electrons 
permanent atomic moment 
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ALL MATTER 
@.9. Min 
tT 


Antiterromagnetic | : Ferrimagnetic | Ferromagnetic 


eff 


€.9. y-Fe203 og. Fe 


e Coupling between adjacent atomic moments may be parallel —~% ferromagnetism 
antiparallel ——Santiferromagnetism, ferrimagnetism. 


@ Only FERROMAGNETICS AND FERRIMAGNETICS possess a spontaneous magnetic 


moment i.e., the magnetization persists even when the applied field is 
reduced to zero. 
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EXCHANGE INTERACTION 


Classical Interactions 


Interactions between electrons and nuclei are attractive 


Interactions between electrons and electrons 
nuclei and nuclei 


- these are the COLOUMB INTERACTIONS 


} are repulsive 


Quantum Mechanical Interactions 


Interactions between part of one electron (probability density) 
cloud with part of another electron cloud OR with another part 
of the same cloud. | 


- this is EXCHANGE INTERACTION 
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EXCHANGE INTERACTION 


APPT T 


EXCHANGE +. 


0 — 
| slutty 
EXCHANGE - (me 
TYTY 
——D—r| 
Total Interaction = Coulomb Interaction + Exchange 
es oe “) 


OF Cy MH J-2 Co Wy Lid 

bas U4T O  pipp PT %, 
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Puke Gas te 


- Ratio of interatomic spacing to atomic diameter must be greater 
than 1.5 for positive exchange and Ferromagnetisnm. 
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MAGNETIC PROPERTIES 


intrinsic 
saturation magnetization, Ms 

Curie temperature, 9, | 
magneto-crystalline anisotropy, K;, K2 
magnetostriction \ 

B=-H+47M, 


INTRINSIC PROPERTIES DEPEND ONLY: ON: 


the type of atom e.g., Feet Te Ni, Mn 


- the number of atoms 


their arrangement in the crystal 


and the temperature 
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MAGNETIC PROPERTIES 


Extrinsic 
remanent magnetization M, 
coercivity H. 


errnace ke: 
Pe . wee be ¢ eee 


EXTRINSIC PROPERTIES also depend on: 


: y, 
- the type, number, arrangement of the atoms Le wr cet 
e?) 3 oye 4 
- and the temperature me i j 
Bye mn wt of fu | 
but also depend on- \ Ah ‘“ aan ¥ 
we ¥ 
the shape and size of the sample © por 


and its previous history 
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SATURATION MAGNETIZATION (M,) 
in a magnetic field of 100 oersteds 


Diamagnetic e.g. Au | _ —4x 1073 emu/ce 


Paramagnetic e.g. Mn | +1077 
Antiferromagnetic e.g. MnO2 +107" 
Ferrimagnetic e.g. y—Fe203 +400 


Ferromagnetic e.g. Fe 


- Only ferromagnetics and ferrimagnetics have magnetizations large 
enough to be technically interesting. 
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MAGNETO-CRYSTALLINE ANISOTROPY 
lron And Nickel! 


K, = 4.8 x 10° ergicc 
K. = 5x 10‘ 


K, = 45x 10° 
Ko = 2.34 x 10° 


Lloe Tove | 
[J . < we > 


Cryst aks) 


Lit 2 
kK, tk, (% “t+ ot, +X,” of, ) 
tk, (HX a, Dt kK lke. 


Single crystals show anisotropic magnetism curves i.e. it is easier 
to magnetize them along some crystal directions than others. In iron 


the easy directions are the cube edges, in nickel the easy directions 
are the body diagonals. 


\) 


Rotating the magnetism from one easy direction to another involves 
rotating through a HARD direction. 


aa Lihield & Io 
™ Le Kuld by 0 
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COBALT 


K, = +3.98 x 10° erg/cce 
K> = +1.98x 10° 


6 8 10,000 


Cobalt has a hexagonal crystal structure and the easy axis of 
magnetization is along the hexagonal axis. 


The magnitude of the magnetocrystalline anisotropy constant K, 
in cobalt is 10x larger than in iron and 100x larger than in nickel. 
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MAGNETIC DOMAINS 


postulated toexpiain 4, 5 [C—O 
whys pleceofiron = =4 eorpeercncemnenls 


—may not be magnetized 


K-—> 
i—>- 


——may then be fully magnetized in small fields 


a 


If the force holding spins parallel in a ferromagnetic gaterial were of 
magnetic origin the internal field would need to bew 10° oersteds! 


How then could the magnetization of a piece of iron be changed by 
the application of 100 oersteds? 


ANSWER: Magnetic domains 


A piece of ferromagnetic material spontaneously divides into domains 
to reduce its magnetostatic energy. 


‘ | 
Domain walls are about 1,000 A thick or w200 atomic spacings 


Domain wall energy is proportional to the wall area 
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DOMAINS AND THE HYSTERESIS LOOP 


a 


A ROTATION 
6) IRREVERSIBLE MOVEMENT 
(CI REVERSIBLE MOVEMENT 


he SS 


Hi 


/ 


Domains are separated by domain walls. As the applied magnetic 
field changes the domain walls move to minimize the total 
magnetic energy. 
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HARD AND SOFT MAGNETIC MATERIALS 


Soft: 
pure Fe 
80 Ni: 20 Fe 
Mn Zn ferrite 


Hard: 
Particles y—Fe,0, 
Ba0.6Fe.0, 
SmCo; 


Fe ND 


Practically important magnetic materials are usually either 
magnetically soft i.e low remanence and coercivity, high permability 
e.g. transformer laminations and recording heads. 


or magnetically hard i.e. high remanence and coercivity, low permability 
e.g. permanent magnets and recording materials. 


HARD AND SOFT MAGNETIC MATERIALS 


Soft High MSs LowH, LowMr~ Highyz 

Fe 1700emu/cc 10e <500emu/cc 20,000 
80Ni20Fe 660. 0.1 <300 50,000. 
MnZn ferrite 400 0.02 <200 5,000 


Hard © High Ms High H,. High Mr 


y—Fe20; 400 300-450 200-300 
BaO.6Fe,0, 360 -—- 2000-3000 180 


| SmCo-; 24,000 
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HARD MAGNETIC MATERIALS 


—>|<0.02|\<— 
MULTI-DOMAIN SINGLE DOMAIN SUPERPARAMAGNETIC 


Hc <100 Oe H-= 100-3000 Hc-=0 


Particles larger than nw 24am usually have domain walls i.e., 
they are multi-domains (low H, low M.) 


Particles: <lwand <0.02«are single domains (high H,, high Mr) 


Particles: <0.02s,are unstable 
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RELAXATION TIME FOR ACICULAR PARTICLES 


10°~+ +30 years 


1 year 


1 week 
1 day 


T> In seconds 


1 hour 


Radius of equivalent sphere 


60 70 80 90 100A y-Fe20; 


82A  Cr0, 


40A 


Co (h.c.p.) 


The change from stable single domain behavior to unstable super- 
paramagnetic occurs with a reduction of less than a factor of 2 in 
particle volume! 
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SINGLE DOMAIN PARTICLES 


Anisotropy Maximum Coercivity 


Crystalline 


Strain 


Shape 


- Single domain particles in which crystalline anisotropy or strain 
anisotropy dominates have coercivity inversely proportional to 
magnetization. 


- Particles in which shape anisotropy dominates have coercivity directly 
proportional to magnetization. 


— §gekw 
Nem eee 
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SINGLE DOMAIN PARTICLES 


Maximum Coercivity 


Cobalt Nickel 


- In iron particles shape anisotropy is most likely to give high He 


~ In cobalt particles crystalline anisotropy is most likely to give 
high H : | . 
Cc 


- In Y -Fe,0, particles used in tapes and disks 


< H. attributable to the particles' shape. 


1 
3 KH, attributable to crystalline anisotropy. 


- Problem is the predicted value of coercivity for ¥ -Fe,0, particles 
is about 10x too high. 
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MAGNETIZATION REVERSAL | 


H>H, 
iijeccmnsaessesm 


- Coherent rotation predicts values of He that are generally much too high. 


- Most single domains . (including Y -Fe,0,) reverse their magnetization 


incoherently. 


- Coercivity is a most important property in recording materials since 
it expresses the ability of the material to resist accidental 
demagnetization and self demagnetization. In general, the higher | 
Che recording density the higher must be the coercivity. 
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. Uniaxial 


Muitiaxial 


Single - Domain Particles 
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Aciculer 7 — Fe203 


Step 1 Preparation of colloidal a — (FeQ)OH 


— goethite 
4FeSOg * 7H70 + O2 + BNa&OH > 4a — (FeO)OH 
+ 4H9S04 + 30H20 
ae" 0? om : 
“S72 
Vi Ns 
ol 100A 


Step 3. Dehydrate 


230 — 270°C 
2a — (FeO)OH a — Fe703 + H70 


te yo Hematite red crystals 


Step 5 Carefully re-oxidize 


~200° 


4 Fe304 + 02 Gy - Fe03 


y 
a p Maghemite red-brown crystals 


Step 2. use these as seeds to grow larger crystals 
of a — (FeO)OH with water, scrap iron, 
air, 60°C, 4 hours. 


— (FeO)OH. 
yalina crystals 


ails 


Step 4 Reduce 


Hz, 300—400°C 
2Fe304 + H20 


3a — Fe703 + H2 


al 


£2f magnetite black crystals 


Pores caused by evolution of oxygen 


Transformations 


Pigment - dehydrated oxide >magnetite > maghemite 
[a-(FeO)OH] [a-Fe203] = Fe304) [y- Fe 203) 


— are Pseudomorphic 


Rn | | excess 


FeCl, + NaOH + i YY — (FeOQ)OH i asiiasiaie 
| Seeds 


y — (FeO)OH Lepidocrocite 
| Particles 

coat w. coconut oil fatty 

acid + morpholine 


dehydrate 
a — Fe,Q, 
| reduce 
Fe,0, 
| oxidize 


© More Acicular H, ~ 320 Oe, 0, = 74 emu/g. 
® Fewer Dendrites 


3/1 /3 ~ © Better Dispersion, orientation (2.9) 


ss800/d 8727 ‘SO 7a4 — 
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INTRINSIC MAGNETIC PROPERTIES OF Fe30y AND y-FE203 


SPINEL STRUCTURE 


INVERSE SPINEL 


Fe°* AND Fe>* OCTAHEDRAL SITES 
Fe>* , TETRAHEDRAL SITES 


OXYGEN 


OCTAHEDRAL SITES = 16 , TETRAHEDRAL SITES = (8x t+) + (6x5 )*4 = 8 


Magnetite — inverse spinel 
Feo (F _ Fe) 0,4 
(tetrahedral) pice TO 


— Ferric Oxide — same oxygen sublattice 
” aelnnaaed on e tetragonal superiattice (c/a = 3) 


Feg [Fs A 22) Feia] 032 


is the formule for xunit cell. 


Moment per molecule  4§ 

030 ‘97 emu/g 
os 87 emu/g 
Density 6.107 g/cc . 
I, 463 emu/cc 
Curie temperature 676°C 


Anisotropy constant 


Ky = —1.10 X 10° erg/cc 
11D easy 
<100) hard 


2.68 

82 emu/g 
74 emu/g 
6.074 g/cc 
400 emu/cc 
580°C 


= —4.64 x 104 erg/cc 
<110> easy 
Z100> herd 
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% 


B_SITES 
Feet Fest 
4 up D Up 


NET MOMENT “4 uy PER FORMULA UNIT 


3385 ; M= 231.6, in Oy” 97 EMU/G) 


Fest 
8 
meer BS 


(8Xx5)p, 


(EXPT = 94 EMU/G) 


3+ = wey 
(FED, 4 373? 

a eas 
(4/3X5) uy, 


NET MOMENT = ( 16/3 X 5) uy, © 


MOMENT PER FORMULA UNIT = 3/32 X 16/3 X 5p, 


[25 


OR 1.25 /IRON ATOM: EXPT = 1.18 


Oy" 82 EMU/G 


Og= 74 EMU/G ; EXPERIMENT 


" 
we 
wr 


3+ 
FE DD 
an 


(1exS) u, 
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Chromium Dioxide 
water : 
MO525°C 0, 10, 


cro 
oe 3500-3000 atm 2 


crét: Rutile structure: 
‘unit cell has two formula units 


Oxygen at (u, u, o) 
(u, u, o) 


2.917A, 


CHROMIUM DIOXIDE HAS TETRAGONAL SYMMETRY 
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pb 


Chromium Dioxide “>” 
Cc axis 


Ae easy i. 


_K = 42.5 X 10° erg/cc 


7 crystal 
ZZ <He> = 0.96 jy. = 58508 


oY 
8: shape 
A <Ho> = 0.187MS(BK, — 4L,) 


wT = 5900¢ 


Temperature independence of Hp—= shape anisotropy 
rotational hysteresis —~ incoherent rotation 
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COBALT-DOPED IRON OXIDES 


Co, Fe3-xO4 


1.3% Co 


100 200 300 
TEMPERATURE, °C 


- Increasing the H_ of iron oxide particles by increasing their shape 
anisotropy is nof very effective 


- Adding 2-3% cobalt helps by adding a magneto-crystalline contribution 


to the coercivity. 
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TEMPERATURE-DEPENDENCE OF COERCIVITY 


2% Co 


Equiaxed Particles 


C4 


pronscicar 7 | £2293 


50 100 
Temperature °C 


150 200 250 


The price paid for doping with cobalt is an increased sensitivity 
of coercivity to temperature. 


#ccbalt-doped particles tend to lose their elongated shape. 
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REMANENCE LOSS IN COBALT-SUBSTITUTED 
y — Fe.03 and Fe.0, 
Co-y- Fe20; | eom—1tox ? 


j~<a—% Co—p-| A a == {| to x 
2.8 


Co-Fe,0, 
1 kg/s impact on 3 las | 


0.2 cm? 


°° longitudinal M 
4 transverse M 


-1§ -10 -5 0 § 
10°\s Magnetostriction 


- Sensivity to strain also depends on the cobalt content and on the 
crystal structure. ' 


- The parameter linking strain and magnetization is Magnetostriction. 
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COBALT-IMPREGNATED IRON OXIDE 


Fe;0, type 


Pa 
L 
—~ ho . V 
~ ee OS or 
Aaa \ 
SY ey. N 
ys f a 
wr 


- Coercivity can be increased without making particles unusably sensitive 
Co temperature by impregnating the surface with cobalt. 


PARTICLE DEVELOPMENTS 


coercivity Fe 


1000 
Oe 
500 
CrQ2 
y-Fe,03 
0 . 
1960 1970 - 1980 1960 1970 1980 
length 
pm 
0.5 
CrO., 1970 
Fe, 1980 z 


| 0.05 — 0.1 1960 1970. 1980 sg. Bate 
diameter, nm | a : 1982 
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TABLE 3 


CONSUMPTION OF MAGNETIC PARTICLES BY APPLICATION 


VIDEO 


IRON OXIDE ts | 3 
COBALT-IROM OXIDE 903 
CHROMIUM DIOXIDE 81s 
METAL : 


(ailifons of kilograms) 


MOTES: 1) FIGURES FOR 1974, 1977 FROM REF. 1 
2) FIGURES FOR 1964 FROM LEMKE, PRESENTATION TO COMMITTEE 
3) AMOUNTS FOR METAL PARTICLES TOO SMALL TO LIST 
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NP Particles 


4] 
0.10-0.13 


.. cy 
KA 0.07-0.09 


particle width, um 


0.05-0.06 


0.03-0.04 


4-6 6-8 8-10 10-13 


length 
width 
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RELATIVE OUTPUT VS. 
TRANSITION DENSITY 


J 
20: ) e « $8 6 
@ 6 e 8 a 
DS 2 4 4 so 
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TRANSITION DENSITY (KFRPI) 
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1016} 
particles/cc 
10% | CrO, 
1014 
»>F 620, 
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orientation ratio 
3.0 
Cr Oo 
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y-G 
1.0 
TE 1970 | 


TAPE DEVELOPMENTS 


CrOQ, | 
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y-L 
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05% 7G 


0.4 

03 
0.2 
0.1 


0 
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um 
0.4 


0.3 5 


~—60.2 


0.1 


AH 
He 
+-G 
y-L 
1970 - 4980 
surface roughness 
1970 (1980 hatin 


cyb 


f HEAD-COATING \ HEAD 
INTERFACE basa \ 


access time 


os width 
guerd bend 
See ge 
dearni 
bpi x tp! (x area) = capacity 
RECORDING 
durability PERFORMANCE 
friction ,totare 


resistivity 
tranemissivity 


fn. p.m. mN 
speed stabiitty : time ¢ heed positioning 
MECHANICS 
. =” 


ee eee eee oo 
G. Bate 


Verbatim 


1982 


T#-Ta9 


Magnetic Recording Medium 


THE DIAGRAM ILLUSTRATES A CROSS-SECTION OF A HYPOTHETICAL (AND 
UNUSUALLY COMPLEX) COATING. 


MOST TAPES AND DISKS CONSISTS SIMPLY OF A SUBSTRATE AND ONE OR TWO 
MAGNETIC COATINGS. 
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PROBLEMS 


Non-Uniformities: 


examples; packing density of partcles, 
switching field of particles 
bumps or holes on the surface. 


—small scale, < A. ———> noise, single-bit errors, 
2 large dMr , intersymbol interference, 


‘dH 
overwrite and erasure problems. 


| —larger scale, > A —_————> burst errors 


2 


—still larger scale, > A ———»> poor uniformity of signal | 
2 with position in medium. 


"SINGLE-BIT ERRORS" ARE USUALLY ONLY FOUND ON RIGID DISKS. 


"BURST ERRORS" I.E. MULTIPLE-BIT ERRORS COMMONLY OCCUR IN TAPES 
AND FLEXIBLE DISKS. 
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Data Errors 
tee | ee 
| asperity — > drop-out | 
Surface Profile noise 
y 


——_» <——_ —-»//-» <——__ ———_ > <— : 


crack —» drop-in 


10-4 |- 
10-5 
drop-ins drop-outs 
errorrate 10-6) 
10-7 
10-8 
— 0 20% 40% 60% 80% 100% 
clipping level 


G. Bate 
4-45 
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PROBLEMS 


Instabilities: of physical, chemical, mechnical properties withTime 
Temperature 
Humidity 
Stress 


examples: 
—magnetic properties ————-> print-through, signal fading 


—head-track position ————-> variations in signal level, errors 


—mechanical, physical, chemical properties of coating loss of lubricant, 
wear failure, 
corrosion, 
tape stick, 
scratch failure 


—particie-binder interaction ———-> change of magnetic properties, 
corrosion, 
cohesive strength 


—market ———3> product obsolescence 
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PROBLEMS 


UNPREDICTABILITIES: from an imperfect understanding of materials 
interactions and processes 


examples; —state of magnetization of an array of particles after 
a sequence of heads fields | 


—state of erasure 


—magnetic properties of deposited films 


—effect of changing particles with similar magnetic properties 


—improvement in recording performance for a given change 
in magnetic properties. 


GBI-44 


Substrate Stability 


POLYETHYLENE TEREPHTHALATE IS USED AS THE SUBSTRATE IN FLEXIBLE 
DISKS. IT EXHIBITS ANISOTROPIC THERMAL AND HYGROSCOPIC COEFFICIENTS 
OF EXPANSION. 
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Flexible Disk: Failure Mechanism 


PO MO LL Lad VL OL 


ADHESIVE & COME 
FAILURE OF COATING 


IN FLEXIBLE DISKS THE COMMON FAILURE MECHANISM IS NOT ABRASIVE WEAR 
BUT A COMBINATION OF THE COHESIVE FAILURE WITHIN THE COATING AND 
ADHESIVE FAILURE BETWEEN THE COATING AND THE SUBSTRATE. 


THE ELAPSED TIME BETWEEN STEPS 1 AND 2 MAY BE MONTHS; THE TIME BETWEEN 
STEPS 2 AND 4 IS USUALLY MINUTES. 
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Alumina Additives 


BISSRPETISeRBleS  aeee 


Miser ae” lisse Risse wee eee 
8° 7S 2 4a eee eee 


¢ Vf Si 


a 4 Vee 
Whey 
rei 
“4 , Hey, 
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THIN FILMS 


° Electroplating 


Co-Ni 
Co-Ni-P 


e Vacuum Deposition 


eHigh coercivity thin films may be made by: 


- electroplating 

- chemical plating 

- vacuum evaporation 
- sputtering 


eIn every case, high H_ is only obtained if the film structure 
resembles an array of single-domain particles. 


The Physics of Magnetic Recording 


Neal Bertram, UCSD 
Center for Magnetic Recording Research 


FUNDAMENTAL PROCESSES 


SIGNAL CURRENT N = OUTPUT VOLTS 


> 
| 
|< 


aN aN NNN VEN 


MOTION 


STORAGE 


WRITING READING 
OR RECORDING OR REPRODUCTION 


SIGNAL WAVEFORMS 


LINEAR (AC BIAS) | 


ww tAAA AAA AAA OA 
iy —VVy— VW TAvAY 


DIGITAL 
101310001 1 #1 0  (NRZ2) 
FM _ 
Ni /\ ANA Z\ 


io) en UAB ULNA 


€-¢ 


RECORDER 


INSTRUMENTATION 


QUAD VIDEO 
CONSUMER VIDEO 
AUDIO CASSETTE 


FUTURE COMPUTER 
DISC 


RECORDING DENSITIES 


HIGH DENSITY 
SPEED MAX f MIN Xv 

1-120 ips 2 MHz 60 »" 
(33 KBPI) 
1500 ips 15 MHz 100 x" 
220 ips 7MHz 30 ps" 

1 ti ips 20 kHz 80 x" 
1000 ips 10 MHz 100 pz" 


(20 KBPI) 


SIGNAL 


DIGITAL 


F.M. 
F.M. 
LINEAR 


DIGITAL 


"FLUX DENSITY" 


- DEMAGNETIZATION FIELDS 
FOR CONTINUOUS MEDIA USE H, M 


B= 1. (H+M) V:B=0 


py, AS A "CHARGE DENSITY" IS A CONVENIENT WAY 
TO DESCRIBE FIELDS FROM ELECTRONS IN A CONTINUUM 


BAR MAGNET: 
FRINGING FIELD 


SPHERE PLATE 
bi os PE 
xed es Be 
+ = |=] + 
aaa — Ee -- 
H,, = —M/3 a 
DEMAGNETIZATION FIELD 
Af . 
YR MCG S$ 


DEMAGNETIZATION FIELDS (Continued) 


Hr) =- We r=) a8 4p EM (FP? 
47 VoCUME jr’ | 3 An sulk 


RFAcE |r’ |S 


EXAMPLES OF TAPE PATTERNS 
LONGITUDINAL 


VERTICAL ,,, ___ 


k=27/\ | —--—— ++++4 
M = NM, SIN kx M = M, SIN kx 

M,, CENTER M, 

| Hy | SURFACE JH) | SURFACE 
Mo M6 CENTER 
2 2 

kd kd 
| SURFACE __ 


~o [ 1+0-K8 | Sin kx 


MAGNETIC HEADS 
FUNDAMENTAL STRUCTURE 


‘TAPE PATH HEAD FIELDS 
7 }t-Rp _ (HIGH PERMEABILITY) 


f } FUNCTION OF HEAD IS TO TRANSLATE 
— THE MMF (NI) OF WINDINGS TO THE 
I GAP WHERE THE TAPE PASSES 


WINDINGS N 
SIMPLEST APPROXIMATION (WIRE FIELD) 
- _NI - CONSTANT MAGNITUDE 
of HdleNn! >H ae FOR EACH RADII r 


H, = DEEP GAP FIELD-> NI=H 


HY. = " 
WT [x24y2 


= 
c [x24y2 | | 


HEAD FIELD EXPRESSION (cy) 
xX; 


| SOLVE POTENTIAL PROBLEM FOR FINITE y 
PERMEABILITY x 
g 
I! FOR poco AWAY FROM WIRES CAN SOLVE: . 
V2 $-OH--V 4,9, -+ 
ON OPPOSITE SURFACES Hh 
| NI 


lit KARLQUIST APPROXIMATION: 
2 DIMENSIONAL, NO END AFFECTS, GIVES FIELD ABOVE 


HEAD TWO WAYS: 
= RRENT 
1) SOURCE SHEET OF CURRENT WIDTH g + mh 
2) UNIFORM POLES ON GAP FACE + = 
H g . POLES (n-M) 
— H,=— { tan! l - + tan! gl2-x : : | 


X v 


H 
Yo 20 (g/2+x)2+y2 


si _ € =EFFICIENCY 


sources .—S-—sSHF'JELD FOURIER TRANSFORMS 
— PN AS KN T™ ,H 
ao\ Lm —— a 


ae 


_ MAGNETIZED TAPE 


— ¢ xt 1 7 wel 
f (k) = f gikx F(x)dx , F (x) = On J dk e! KX (K) 


= OO 


ENERGIZED HEAD 
IN TWO DIMENSIONS: 


ae 
dy* 
TRANSFORMING H(y) 

H® (k,o) 


2 | 
v2g = 9 ot ¢=0 
ax? 


2 
oy Ky 


(ky) =6(k,o)e KY k = 2a/d 


Hy y (ky) = HS, (koje KY "SEE" EFFECTS TO y =)/3 


HEAD SURFACE EFFECTS 
CAN SHOW (2D) HY (k) = iH>(k) (ONLY A 90° ROTATION) 


x = —ikx | 
HX (k) S eH aie (VANISHES ON SURFACE) 


pena 


I gel y=00 
_L 
H*(k) | « 
— sin 1.11 kg/2 « ENnGe EFFECTS (KL) 


Ni 1 -11kg/2 


H2(k) -0 AS k — 0 SINCE S H (x)dx = 0 


HEAD "BUMPS ° 
Z GAP LOSS 


ASL i, 


re 1.119 


He 
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REPRODUCE PROCESS 


— noe = — iNewp, (VOLTAGE) 
W - 2A 
H,WA | 
@ =/2! "(SURFACE FLUX) - 
27 | | boatéo ANA it 
, . ling ie 24. Jo hteol a 
: CEfy A 


—> V = Nev Wa, H- 


VOLTAGE PER TURN PER TRACK WIDTH 
PER EFFICIENCY, PER SPEED IS EQUAL 
TO SURFACE FRINGING FIELD!! 


23 
UNITS: | (yal i we ae ») 
IF He IN Oe 


‘V/ N ev W (nV/TURN-MIL-IPS- EFF) = He/ 16 
N O, =.5W=1 MIL 


V = 62.5 »V FOR He = 200 = 1 
= 1000 IPS 
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RECIPROCITY 
EQUIVALENCE OF MUTUAL INDUCTANCE FOR TWO SOURCES 


Volo \ 


Ho, is FIELD DUE TO |, 


2 
FOR CURRENTINII(I,) = f oats CONVERSE FOR H,. 
a 
to 41,  . dala-H 
i —* > ¢ >= +t - J —_—t2 
1 2 2 A, 'o 


| CAN BE MAGNETIZED TAPE SINCE CURRENT 
LOOPS CAN BE EQUIVALENT (EXTERNALLY) 
TO MAGNETIC DIPOLES 


li CAN BE REPRODUCE HEAD 


ob-e 


~ RECIPROCITY (Continued) 


—=-v (x = vt) 


y! M (7) 


Le x a HUF? +9) 


| 
4 REPRODUCE HEAD 
REPRODUCE FLUX EXPRESSED AS: 


$400 = nef ff MCPBG? 400% 
TAPE 


1) HIS EVALUATED WITH UNIT NI APPLIED TO HEAD 
2) RECIPROCITY IS A CORRELATION OF M & H 


REPRODUCTION OF SINGLE 
PERFECT TRANSITION 


VAAN AAA 


X=Xo d 
ve To-lF *! 


New, 7 “0 f ay 9 WA(x')-H(r-+x)dx'dy’ 
FOR THIN MEDIA 


_ = 24M,6 i x Xo+x,d+5/2) cosé-H (x,+x,d+8/ ain 
0<0<n/2 o=n/2 
X=Xo - 
LONGITUDINAL M Xo a 


INTERMEDIATE ae 
PW. an /g? 4+4d(d-+8) VERTICAL M 


Pl-c 


SPECTRAL RESPONSE 
M(X) | 
SQUARE WAVE 
RECORDED _ — a 
| . - _ K=2n/r 


RMS SURO ne rne VOLTAGE 


v'ms -. 707 2K pulse (a, 


d+8 
-eutse(k) = po J dy’ kM, (y’)-H,(k)e- 
NWev. . 7 % wend Wang Ch ar 41 ae ee ) 
—kéd 
y rms 4 [1-e | _xa 8in1.11kg/2 
= ee — X pM, K6 kd 
NWev et he Ko ) tltkg/2 
MAGNETIZATION THICKNESS GAP 
LEVEL HEAD LOSS spacing LOSS 


DIFFERENTIATION | LOSS 


EXPERIMENTAL SPECTRAL CURVE 


v = 500 IPS TAPE: “496 
OPTIMIZATION @ | Mr 1200 G 
60 1." WAVELENGTH _-= He? 700 Oe 


HEAD 
30 | DIFFERENTIATION (ks) 


a SPACING LOSS e *9 OR: 38 ; 


a a i ; 
{een 6 200 . 
£1 § wy pL 

ne ' 7 

ne - 

i 8 

| 


am 20 ie FITS TO d = 16" *f ¢ 
Do Wi GAP Loss! 
= 101 +HICKNESS LOSS in CORRECTED 
P ~~ / 
J 0 (1— ad _ 
S | ks DATA 
oO | 
Z -10) FITS TO 8=55p" 
< 

-20 

WAVELENGTH (x") GAP LOSS 
“30) 250 125 63 43 32 
~- 10 20 


FREQUENCY MHz 
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FINITE TRANSITION LENGTH 
-__ ARCTANGENT APROXIMATION: 


M(x) = 2 M, tan”! x/a 
vis 


TRANSFORM: 
M(k) = 2iM,e-<9/k 


~ ASSUME a INCREASES LINEARLY INTO MEDIUM TRANSITION ZONE 


aly) =a, + a(y-d) | 


5 


d<y<dt+téi a = (a, -a,)/5 , 


hee eanenoee 


EFFECT ON PULSE OR SPECTRA Ees_— “7 <7 
_ ee. HEAD!) 
d—d+a,, 5— 5*=5 +a)-a, 


VOR@—VORG/(1+a) 


= /9?+4(d+a,)(d+a,t+5*) = ~vg2+4(d+a,)(d+a,+8) 


PWs0 


(LONG) 


LbL-?] 


"ROLL-OFF" CURVE 


3dB 

PEAK OUTPUT 

ROLL-OFF CURVE JOINS SPECTRA WHEN 
PULSES BEGIN TO OVERLAP (EXCEPT FOR | 
3dB PEAK TO RMS SHIFT) 


KFRPI 
Deo IS DEFINED BY DENSITY WHERE PEAK OUTPUT DROPS 50% 


SIMPLE FORM: FROM PULSE EQUATIONS FOR THIN MEDIA (« = O) 


_ 9g 

2(d-++a) 

e—k(d-+a) sinkg/2 
| kg/2 


- 4 tan- 
VpEAK = a M, tan 


1 4 
Vims~ Jo qe Mo 


Deo OCCURS FOR THAT k WHERE 


APPROXIMATE Deg CURVE 
2 EXAMPLES 9 = 27," 


d=10," 
pisk | P50 | P50 


20 
KFRPI 


am 
seoiban 
as 
a2 
| | 
NZ 
AN 
etd 
oheal 
x 
8 


35 
ay, 5h” 40.5 »"| KFRPI | 


(d+a)/g 
APPLIES TO LONGITUDINAL RECORDING 


Deoxg IS FLUX REVERSALS PER INCH TIMES INCH 


OR FLUX REVERSALS PER METER TIMES METER 


RECORD PROCESS 


ULTIMATE DEMAGNETIZATION UNIT: 


Hgemag@e 


ISOLATED TRANSITION 


LONGITUDINAL VERTICAL 
M(x) 


/ 


= He (x) 


OVERLAPPING TRANSITIONS (SINEWAVE): 


Ha (SURFACE) = M/ 25H, (BOTH L & V) 


RECORD PROCESS DOES NOT PERMIT THIS 
LIMIT TO OCCUR!! 


0c-¢ 


AVERAGE DEMAGNETIZATION FIELD 


Rd Sy eo") 
<7 1- kB) 


5), = 2p 
a OH 
oy) = tH 
que 
ee? 


40 60 80 100 120 140 
KFCI (2/) 


LOOP S’ _ARING 


“\ M 


Ne 
NN, \ 0<N<1 
No>N, ~“ 
Hd=—N(k6)M 


M = Hd N(ké) 


— Cae 


10,000G 


MAGNETIZATION 


20 


SHEARED MAGNETIZATION 
I an 


6 = 1p" 5 = A0n" 
M, = 10,000G M, = 5,000G 
H, =10000e H, = 250 Oe 


40 60 80 100 . 120 140 160 180 


KFCI (2/d) 


C2-e © 


REPLAY VOLTAGE 


5000 
4000- 0) = 40 p" 
Ve 
3000 \ 
O — 20 ee 
M(1-e7*9 | ‘oo 
2000 — 
—” 
6), =1 u" 
—_—— [| 
1000 
Vi 


20 #40 #460 £80 100 120 140 160 = 180 


KFCI (2/2) 


ve-c 


Hdg/He 


VERTICAL RECORDING FIELD REQUIREMENTS 


- RING HEAD 
» 2He AT y = d+6/2 (CENTER) 


™ ° HPe* ATx =y + g/2 
24 
22 - es ae 
In.5(1+(1+g/y)*) 
20 
18 | Hynex = 4700 Oe FERRITE 
16 | He = 300 Oe 
— pfy™ = .85 
14- | g = 10", d = 3 2" Omay = 17-92" 
124 | 
10 
8 
6 
4 
Pad 
0 


g/y 


S22 


BASIC RECORDING CONCEPTS 


H =H, CONTOUR 
MAGNETIZATION 


Vv 


RECORD HEAD 


/ 


BUT REVERSAL LENGTH IS NOT ZERO! 
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BASIC RECORDING CONCEPTS (Continued) 
: 


vo 
(SE 
Paps 


M-H LOOP 


_ HSH || 
oe = | 
HE ” “a 


a, = TRANSITION WIDTH - 
SHORT WAVELENGTH VOLTAGE: Vaie ———— 


a, DECREASED IF- 1) SFD DECREASES =) ~~~ 
| 2) HEAD GRADIENT SHARPENS (d—o) 
3) DEMAGNETIZATION IS REDUCED 
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ROLE OF DEMAGNETIZATIUN FIELDS 


1) Hd REDUCES NET 
FIELD GRADIENT (dH/dx) AT TRANSITION 
POINT x. AND THEREBY 
BROADENS THE 
TRANSITION (dM/dx). 


2) Hd IS ZERO AT TRANSITION | 
CENTER AND (TO FIRST ORDER) 
DOES NOT MOVE THE TRANSITION. 


TECHNIQUES TO SOLVE NON LINEAR M(x) PROBLEM: 


1) FULL ITERATIVE CALCULATION AT EACH TIME INSTANT 
—AA—» —) — NEW_., eee 
CONVERGENCE : 
2) ASSUME SHAPE OF TRANSITION WITH A FEW 


UNKNOWN PARAMETERS AND SOLVE USING A 
SIMPLE CRITERION 
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SLOPE CRITERION |: 


ARCTANGENT MODEL 
M(x) = 2 mw. tan"! x/a <> M, (k) = 2iM eka, 
n . ~ k fe '/k 


NET 


FIELD 
H = a, 


HEAD FIELD 


aeeemenle 


FIELD 400) 


HEAD LOCATION 
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SLOPE MODEL (Continued) 


dM_ 2M dM OM 
dx Tt a dH H,(1-S*) 
dH), _ QH; dH, -_ M6 


dx d dx wat 


SOLVING SLOPE CRITERION YIELDS. 


a — aI-s*) , [aus 


7™Q 7Q 7QH, 
SHARP GRADIENT Q —00 => 
ZERO SPACING d—oO > 
SHARP LOOP s*— 1 => 
REDUCE DEMAG M/H, —-0O0 > 
> 


REDUCE THICKNESS 5-0 


: , Mod " 


a—0O 
a—O 
a DECREASES 
a DECREASES 
a DECREASES 
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CURRENT OPTIMIZATION - SHORT WAVELENGTHS 


VaM, ké eka 
OPTIMUM 
GRADIENT 
le H ; & (‘opt ) 
' Q =-:76 
4 
Ig 


i 
INCREASE 2 


VOLTAGE 


| I tg Ig Ig Is Ne 


Oo ; 


PERPENDICULAR RECORDING | 


THIN MEDIA Hp = -M FOR ALL M(x} 


He -|/-- 


RING HEAD 


cf-2 


ISOLATED PULSE 


V(x) a ii a HP (x+x’) 


oo OX’ 


aM 
Ox’ 


V(x) 


PERFECT TRANSITION 


DEMAGNETIZATION 
LIMITED | 
TRANSITION 


THICK MEDIA 


Hy = -2e TAN7! 2x /6 
7 PERFECT TRANSITION 
_ a 
om, DEMAGNETIZED 
aa F KU 
ar 
\ 
es os ee ee 


pw 


SIMPLE DEMAGNETIZATION 


RECORD PROCESS 
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LONGITUDINAL 


PERPENDICULAR 


- COMPARISONS 


HEAD GRADIENT 

GOOD 
RING~ 

a 


POOR 


PROBE GOOD 


. TRANSITION LENGTH 


_ DEMAG OVERALL 
GOOD(THIN) GOOD 
GOOD(THICK) MIXED 
GOOD(THICK) GOOD 


MIDDLETON & WRIGHT 
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ati 4EBE CONF. 
2 i€£°1982 
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ak a, d1 =0.25 pm 
2 d2=0.5 sm 

| Qpsp 
1 Spm 


(THICKNESS) 


St-¢ 
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HIGH DENSITY COMPARISON OF RECORDING MEDIA 


MANGANESE-ZINC FERRITE HEAD, g = 12,2" 
‘FLYING HEIGHT <4 ,1" 
RELATIVE VELOCITY = 500 IPS 


dB | RECORD CURRENT OPTIMIZED AT 80,000 FRPI 


40 | (AMPEX DATA) NEC LONGITUDINAL 
PUBLISHED DATA 


HITACHI PERPENDICULAR 
30 - PUBLISHED DATA 


ALAR METAL FILM 


10- | | 
SIGNAL AMPLITUDE | FUJITSU PERPENDICULAR 


PUBLISHED DATA 
0-11 NANOVOLT (PEAK)/TURN. MIL. IPS 
(CORRECTED FOR GAP-LOSS, | WINCHESTER 
-10-1 AMPLIFIER GAIN, ETC.) OXIDE 
O 20> 40 60 80 100 


KFRPI 
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REVIEW OF UNITS 


SI (MKS) — a C.G.S. 
B= (HM) B=H+4 0M 
‘B: TESLA | GAUSS 1 TESLA = 10* G 
H: AMPS/METER Oe 80A/M=1 Oe 
M: AMPS/METER _ GAUSS 1kA/M = 1G (emu/cc) 


“fp = 4010-7 HENRY’S METER 


E.G. FIELD H FOR N = 10,1 = 30 mA, g = 30 p' 
H = “= 400 kA/M OR 5000 Oe 
MAGNETIZATION yFe,0, n=70emu/g, p-4.59/cc 


M, = 70x4.5-350 emu/cc 


Mr ape = PM, -* 350 - 110 emu/ce - 110G OR 110 kA/M 


B= 40M = 1500G or .15TESLA 


Thin Magnetic Phenomena 
and Processes | 


Robert White 
CDC 


IV. 


MAGNETIC THIN FILMS 


introduction 


intrinsic Magnetic Properties of Metal Films 
A. Magnetization 

B. Anisotropy 

Cc. Magnetostriction 


—. Magnetoresistivity 


E. Magnetic Resonance 
F. Magnetooptics 


Extrinsic Magnetic Properties of Metal Films 
A. Coercivity 
B. Transition Length 


Thin Film Media 

A. Substrate 

B. Magnetic Film Fabrication 
Plating Horizontal 
Sputtering Vertical 
Evaporation Magnetooptical 


Thin Film Heads 

A. Critical Parameters 

B. Permalloy 

C. Fabrication 

D. Domain Effects 

E. Magnetoresistive Heads 


I. INTRODUCTION 


SELF-DEMAGNETIZATION 


Hair) = f LEME gor 
lror'l3— 
M(x) = - 2M tant (x/a) 


Hax(%,0)max = He 


&min = 2c 
c 


PWep = / g? + 4 (dta) (dtatd) 


Increase He, (limited by head) | 
decrease 5 (limited by defects, durability, etc.) 
maintain M6 | 
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Il. INTRINSIC PROPERTIES 


A. MAGNETIZATION 


Oo © © 


E 
FERMI |] LEVEL 
K=277/A 
CHARGE , 
. d 
DENSITY ae ‘hs h 


EXCHANGE 
SPLITTING 


p= (nt-n!) us 
CHEMICAL VALENCE = Z=niti+ni 


e.g. Fe 3d%4s?2 


3 
: 
i 


{= 
nee HOLDS FOR ELEMENTS TO 
RIGHT OF Fe AS WELL 


. Pl pe=2 (Natt!) - Z= 10.6 -2Z 


+4 


CHANGE Z BY ALLOYING 
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“@ 
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¢ 
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e 
® 
a 
4 
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MAGNETIC MOMENT PER ATOM (BOHR MAGNETIC TONS) 
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-SLATER-PAULING CURVE 
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B. ANISOTROPY 


Eq =Ky (ajaztajaj}+a5ai) 


K, (Fe) = 4.6 x 105 erg/cm? 


K, (Ni) = -0.56 x 105 erg/cm? 


[1 ) 
cin) 


C. MAGNETOSTRICTION 


a 
H 
MAGNETOSTRICTION = 62/2 
_ OE = 
PHYSICALLY Eme= zoe e=STRAIN 
PHENOMENOLOGICALLY Eme=Bi(aieyytazeyytasezz) +... 
62 3 
T= yooh B+ 003+ 0803-77) +... 
a's DEFINE DIRECTION OF MAGNETIZATION 
B's DEFINE DIRECTION OF ELONGATION 
re * 
Aroo (Fe) = 20.7 x 10-€ Ae 


Arco (NI) = -45.9 x 10-8 nr yt earl ad 


a K 
a U e : e 
‘ge 
= 8.05 B gapped’ on rh Po . sg 
ey we at 
6.00 * 1 
Ay F a 

: § 15 . Oa 05 06 O7 O8 a9 1.0 

H(kG) D FRACTION X of Ni IN Fe 


ENERGY eV 


AY spin-orbit = aL eS wy P34 
42 - (2) —>L 
p Ne 


3-8 
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LORENTZ MICROSCOPY 
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Al SUBSTRATE EVOLUTION 
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2. ELECTROPLATING 
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3.SPUTTERING 
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© Although ions may penetrate up to 500A, sputtered atoms come only from top 2 or 3 atomic 
layers | 


tons incident at some angie to normal have higher yields 


e Atoms with velocity normal to surface have greatest escape probability 


© Sputtered atoms have energies of only a few eV for any incident energy 
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MORPHOLOGY 


COMPOSITION 
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P| = partial pressure 
S, = sticking coefficient 
R = deposition rate (A /min) 


3-28 © 


ambient 


(emu/cc) 


“KNEE” 


-5 


es he CoRe 20°C 


CoCr 


-10 


C-axis 


(emu/cc) 


Maia 


300. 


“KNEE” 
1 


3-30 


MAGNETRON SPUTTERING 
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V. THIN FILM HEADS 
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MAGNETOSTRICTION FOR Ni/Fe 
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THIN FILM HEAD FABRICATION 


Substrate: polished oxidized si or ceramic (Al; + tic) 


Permalloy: electroplated in 40 oe 


5 


yy 


photoresist 
“picture frames” 
for edge 
Z definition 
Z 
AZ Resist ZW ETT tN aaa 
Z plating base | 
: ae EE ae BS oo 
Slider a 
Cu Colis 
Z ee eet 
) BZ 
Z 
ZW | 
: Z eee Ses RAS LEER 
se 
$i02 Ze seceeiey 
BZ remove plating base 
ig < by sputter etch 


\\ 


— = Gap Length g 
Medium 
Gap: sputtered alumina 
Colis: electroplate Cu thru photoresist mask 
thickness = 2um 
width = 3.5 um ee 


insulation: baked photoresist 
(provides smooth surface for top permalloy layer) 


3-35 


3-36 


e9~§ recording wavelength 


to reduce off-track 
reading 


2 


e yoke larger at back 
to avoid saturation 


® elliptical coil with 
thicker conductors 
at back 


cut into rows 


air bearing 
surtaces 
formed 


sliders separated 
and mounted on 
suspension arms 


3-37 


AMORPHOUS Co-Zr 
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DOMAIN WALLS 
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SWITCHING BY DOMAIN WALL MOTION 
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Magnetic Recording Heads 


Fred Jeffers 
Kodak Research Laboratory 


INTRODUCTION 


This chapter outlines the important dimensions and parameters of high 
density heads and discusses why each is important and how they are related. 
Among factors discussed are: head to media contact, record gap size, media 
coercivity and remanence, record demagnetization fields, record and repro- 
duce gap edge saturation in ferrite, metal, metal-in-gap and thin-film 
heads, and head wear. Gap edge straightness is discussed. Magneto- 
resistive read heads are described. Vertical recording and pole type heads 
are discussed, Principle sources of head noise are out! ined. 


SUMMARY 


In order to achieve good high density performance, the heads and media must 
be in intimate contact. The record gap must be as small as possible but 
gap edge saturation must be avoided. In thin-film heads, yoke saturation 
must be avoided. This is made more difficult because high density media 
have high coercivity. The reproduce gap must be small enough to avoid gap 
Toss but must be large enough that adequate signal is obtained with a gap 


| depth providing adequate head life. Gap edges must be as straight and 


parallel as possible. 


Vertical recording media give improved high density performance because the 
demag fields aid the record fields rather than oppose them, as in conven- 
tional media, Vertical pole heads work well] in record but not in reproduce 
because of a trade-off in gap loss and efficiency. Ring-type heads offer 
superior reproduce performance with vertical media. 


Magnetoresistive reproduce heads offer much higher signal levels than 
inductive heads, and they are easier to design to give tape noise limited 
signal to noise ratio. | 


Primary inductive head noise sources are resistance noise of the reproduce 
head, amplifier current noise which varies with net head impedance and 
amplifier voltage noise. Primary MR head noise is scrape thermal noise 
caused by hard asperties being dragged over the head surface. The goal in 
a properly designed system is to make the sum of these noises smaller than 
the media noise. 


The intent of this paper is to outline why the above statements are true 
and provide understanding and a semi-quantitative basis for making design 


optimization trade-offs. 


DISCUSSION 


Recording Process 


In high density recording, nearly all of the reproduce signal comes from 
the surface of the medium. If B& is the bit length, 90% comes from the 
top 0.74 B& of the surface. At 100 KBPI, B& =0.25u,s0 0.74 B2 = 
0.19. Essentially only the top layer of particles is recorded at high 
density. 


If a signal field H is applied and removed, neglecting demagnetization 
fields, the medium is magnetized according to the curve sketched in Figure 
1 where 4n Mr is the remanence and 4n Mrs is the saturation remanence. 


FIG. 1 REMANENCE VERSUS RECORD FIELD 
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H, and H, define the boundaries of the record field range and the 50% 
field is generally close to the media coercivity Hc. 
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Standard record head and record field contours are shown in cross-section 
in Figure 2. The cross-hatched region is where recording takes place and 


is called the record zone. The “depth of recording" Y, is the height of 
the H=H,_ contour. L is the "record zone length." 


FIG. 2a MAGNETIC HEAD 
CORE 
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FIG. 2b CROSSECTION OF RECORD GAP & 
HEAD FIELD CONTOURS 
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The gap field H, is related to the record current ir and the number of 
turns on the record head N by the expression 


4n Ni 
g 10g (1) 
Hg in Oe 


ir in amp. 
g incm. 


where E is the head efficiency. E represents that fraction of the magneto- 
motive force Niy that appears across the gap. (It is also the fraction of 
the tape flux passing through the coils during reproduce.) McKnight’ 

gives a good review of detailed efficiency calculations for standard heads, 
Neglecting "air leakage," E is given approximately by 


Rg 


a Rot Re (2) 


where Rg is the gap reluctance given by 


Rg= = (3) 


where g is the gap length, T is the track width and & is the gap depth. 
The core reluctance R. is given by 


Re = = (4) 


where uw is the core permeability and C is the circumference of the core. A 
represents the “average cross sectional area" of the core. Care must be 
taken to be sure that the fabrication process does not reduce the perme- 
ability of the head core material by inducing strain. Reduction of a 
factor of 5 is not uncommon. 


At high density, when the bit length approaches half the record zone length 
L/2, the high Hc fraction of the particles in the medium are recorded © 
"positive" and the low Hc fraction are recorded "negative" as sketched in 
Figure 3. 


1. J. McKnight, Jour. Audio Eng. Soc., Vol. 27 #3, March 1979, pg. 106. 
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FIG. 3 High density record field versus distance 
compared to a long record zone length. 
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This results in cancellation and hence a low recorded signal. This is 
called subsequent cycle erasure or recording demagnetization. 


When the head-tape separation d increases, L, at the surface of the medium, 
increases giving more erasure at high density. Bertram’ has shown that for 
standard high density media having 4mMrs/Hc ratios = 3, the record separa- 
tion loss is given by -44 d/d dB where A is the fundamental wavelength or 
twice the bit length Bg. This expression is a conservative estimate of 
the loss caused by a momentary loss of contact, such as that due to a speck 
of dirton the medium, because in Bertram's experiment, the record current 
was increased to partially compensate for the loss of contact. If He is 
increased, this loss factor becomes smaller because the record fields then 
become larger relative to the demag fields and less recording demagneti- 
zation occurs. | 


The reproduce separation loss is the familiar’ -55 d/A dB so the net 
separation loss is about -99/A. If d is A/10 the signal loss is 9.9 dB or 
about a factor of 3. If the recording density is 100 KFCI, A/10 = 0.05u or 
about 250 air molecules lined up in a row! The importance of good head to 
media contact cannot be over emphasized! 


2. N. Bertram IEEE Trans. on Mag., Vol. Mag 18, No. 6, Nov 1982, 


3, R. Wallace, Bell Tech. Jour., Oct. 1951, pg. 1145. 


The standard approach to achieving a narrow record zone is to use a smal] 
record gap. It has been shown that for any bit length less than the medium 
thickness, when the head and medium are in good contact, the maximum 
recordable signal increases as the record gap is reduced and reaches a 
maximum when saturation occurs at the gap corners.‘ Figure 4 shows the 
maximum.unbiased RMS signal versus frequency at a constant tape speed of 
19.1 cm/sec for 3 metal tipped record heads having gap lengths of 1.9, 
0.86u, and 0.25u. The heads have ferrite cores and “glued on” Sendust pole 
tips as sketched in Figure 5. The same reproduce head having a gap of 
0.25u was used for each curve. The media was an acicular Co doped yFe,0, 


tape with 47Mrs ~ 1500 G and H = 860 Oe. 


The record current was optimized 


at each frequency. The highest frequency of 300 KHz corresponds to 80 KFCI 
digital density. The very small 0.25y gap head records 10 dB, or a factor 
of 3, more 80 KFCI signal than does the 1.9y gap head. 
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FIG. 4 SENDUST TIPPED HEAD CROSSECTION. 
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FIG. 5 Record performance of three different 
Sendust tipped record heads gaps. 


4. F. Jeffers, IEEE Trans. on Mag., Vol. Mag. 18, No. 6, Nov. 1982, 


pg. 1146. 
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Smaller gap record heads also give less record phase shift because the 
record zone has less curvature and what curvature there is has a smaller 
radius, - i.e, the recording occurs closer to the gap. See Figure 6. For 
applications such as disk storage devices, where no erasure takes place, 
but old data is simply overwritten, Lemke’ has shown that excel lent over- 
write of 30 dB can be obtained using 0.25u record gaps at a density as high 
as — KFCI. Recent work has shown that optimum overwrite is obtained when 
Q=Ale. | 


FIG. 6 WAVELENGTH DEPENDENT PHASE SHIFT 
FOR LARGE AND SMALL RECORD GAPS. 
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5. J. Lemke, IEEE Trans. on Mag., Vol. Mag. 15, No. 6, 1979, pg. 1561. 


6. D. Wachenschwanz and F. Jeffers to be published in 1985 Intermag Proc. 
Digest. in notes. | ee 


In addition to the head fields acting on the medium, when the head and 
medium are not in “perfect” contact, there are also demagnetization fields 
arising from the media itself. In conventional media, these “demag” fields 
tend to oppose the head record fields and thus smear-out or increase the 
length of the record zone, hence, reducing recorded signal. They also lead 
to “non-linear bit shift" where the location of a recorded transition is 
influenced by the demag field of the preceeding bit or string of bits. 

The demag fields are limited to 4mMrs, while the record fields are propor- 
tional to Hc. Increasing Hc requires a proportional increase in the record 
field, and the demag fields then have less effect on the record zone, which 
allows more signal to be recorded and minimizes non-linear bit shift. 
Increasing Hc also reduces the slope of the record separation loss for the 
same reason, : 


Gap Corner Saturation 


Unfortunately, making record gaps smaller and.coercivity higher, in an 
effort to achieve more signal and less non linear bit shift at high den- 
sity, requires higher gap fields to do the recording. In typical high 
permeability ferrites, like MnZn ferrite, when the gap field exceeds about 
half the saturation flux density 47Ms, the corners of the gap become sat- 
urated. This causes the record zone to become longer and loss of signal 
results. Hence gap edge saturation sets a lower limit on the record gap 
length. 


Eq. 5 below relates the gap field Hg required to record maximum level 
Signals of wavelength A on a medium of coercivity Hc using a head of gap g 
where } and g are in pm, Good head to media contact is assumed. 


g 9 9 Sues 
»,5 “F 


This field is very nearly the same as the bias field in ac bias recording 
so the conclusions apply there, as well as in unbiased recording. 


Equation 5 was obtained using record currents and other data obtained in 
generating the curves in Figure 4 and similar curves using tapes of 
different Hc. It is an analytic fit to the data. 


The apparent maximum in the g = 0.254 curve at about 70 KHz in Figure 4 is 
due to saturation in the Sendust pole tips of the record head. The satur- 
ation flux density of Sendust is about 9500 G and Eq. 5 gives Hg = 7800 Oe 
for A = 2.73u, g = 0.254 and Hc = 860 Oe. This gap field is 82% of 
Saturation and causes gap edge saturation. 
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Eq. 5 can be used to determine if a head design will suffer from saturation 
effects. For ferrites, if Hg is much larger than about 0.5 (47Ms), 
saturation is occurring and a larger gap or a higher 4mMs head material 
should be used. 


Figure 7 shows the gap field above a ferrite audio head, measured with an 
SEM, R. tted versus record current.’ Clearly saturation is important at 
Hg 2 “pie = 2000 Oe. 


Measured 


MEASURED FIELD (O30 o-p) = 


o 10 20 30 
HEAD CURRENT (mA o-p) mo 


FIG. 7 FIELD VERSUS CURRENT FOR A 5 pm 
GAP FERRITE AUDIO CASSETTE HEAD. 


Figure 8 shows the comparative 80 KFCI signal recorded on a 1350 Oe coer- 
 civity metal particle tape by a Sendust tipped head, a MIG head (discussed 
below) and a ferrite head, plotted versus record current. The ferrite 
head signal is 8.5 dB below that recorded by the Sendust tipped head even 
though both have the same 0.3um gap. 


7. R. Camorata and D0. Thompson presented at 1983 AIP Magn. & Mag. Mtls. 
Conf. in Pittsburg 
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FIG.8 80 KFCI SIGNAL RECORDED ON He. =1350 Oe 
METAL PARTICLE TAPE BY SENDUST, MIG AND Mn Zn 
FERRITE HEADS VERSUS RECORD CURRENT. 


Up to now, we have ignored the coercivity of the core, He (core), which can 
be as low as 0.05 Oe for well annealed MnZn ferrite. If the head is 

exposed to some sort of dc transient which saturates the core, the field in 
the gap which results can be large if the gap length is as small as 0.25p, 


Hg (core) is given roughly by 
ro 
7 


Hg (Core) a He (Core) 5 (6) 
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where C is the core circumference. Using Hc = 0.05 0e and C = 1 cmwith g 


d 
= 0.25x 10°~* cm we have Hg (core) = 2000 Oe, which is more than half the ; 
80 KFCI record field for an 800 Oe coercivity tape! This dc gap field will. 
result in considerable second harmonic distortion and signal loss. Adc ay 
gap field of only 200 Oe will give enough second harmonic distortion to 3 
produce significant high density peak shift and poor measured 1F/2F over- 
write. Recording heads should always be “degaussed" prior to use. Commer- AN 


cial hand-held units are available or a “ring down/up" circuit can be built 
into the drive electronics. 


loss term,"* Sin (X)/X, X=1.147g/A. Even for g = A/2.5, the band edge 
signal loss is 3 dB. 


For systems where the record head must also serve as the reproduce head, 
the maximum gap is limited to no more than about A/2.5 because of the “gap ~ 
Using g = A/2.5 in Eq. 5 gives 


For densities of 50 to 100 KFCI, A is Iu to 0.5 and over that range the 
term in brackets above is nearly constant and equal to 4, hence 


Ho® 4H (8) 
“Srey. 


If the record-reproduce head is ferrite, then Hg = (4™Ms)/2 and the result 
is that a coercivity of more than Hc = (47Ms)/8 should not be used. The 
saturation flux density for MnZn ferrite is generally about 5000 G, so the 
maximum media coercivity one can safely use with a ferrite record-reproduce 
head is about 5000/8 = 625 Oe. 


NiZn ferrite should not be used because its 47Ms is only 4100 G, which 
promotes saturation, and it tends to forma “dead layer" of several hundred 
angstroms which causes separation loss. 


If the head is Sendust tipped, a gap field up to about Hg = 0.8(47Ms) can 
be used because the metal has a more rapid approach to saturation than does 
ferrite. Since 4mMs ~ 9500 G, Eq. (8) gives Hc < 1900 Oe, which is higher 
than that of any high density medium yet reported. 


Saturation and Eddy Currents in Metal Metal Heads 


Although small gap Sendust tipped heads can record on very high coercivity 
media, at high frequencies, the flux is confined to the surface of the head 
by eddy currents in the conductive metal. This causes the gap field to be 
shifted in phase relative to the record current by various amounts, 
depending on frequency. In addition, because of saturation in the “skin” 

of the head, the efficiency E in Eq. 1, and hence Hg, can become much 
smaller, for constant record current, as the record frequency is increased. 
For example, experiments at various tape speeds indicate that the effi- 
ciency of the 0.25y gap length Sendust tipped heads used in generating 
Figure 4 decreases from 52% at 10 KHz to only about 9% at 10 MHz. If a 
constant record current is used in these or other metal heads while 
recording high frequency digital data, long strings of zeros (low frequen- 
cies) will be severely over-recorded, which causes peak shift and resultant 
errors. Even if record pre-emphasis is used to prevent this over-recording 
effect, there will still be lots of hard to predict phase shift occurring 
in the record head itself because of the eddy current induced saturation. 
This phase shift will change as the head wears. The frequency/saturation 
effect makes the Sendust tipped nese shown in Figure 5 a poor choice for 
high frequency use. 


Heads have been made of crystalline Sendust and amorphous metallic quench- 
cooled ribbons.®* These heads are easy to make in thin laminations, so 
they suffer less high frequency degradation from eddy currents than 
unlaminated heads. The resistivity of the amorphous ribbons is higher than 
Sendust so eddy currents are even less important, but the wear rate for 
several amorphous materials tested at Spin Physics was about 5 times higher 
than Sendust. The high wear rates of amorphous metals has recently been 
confirmed. ?° 


Metal-In-Gap Head 


Figure 9 shows a new type of Sendust-ferrite composite head, where the 
Sendust is sputter deposited on the gap faces of an otherwise all ferrite 
head, thus the name Metal-In-Gap or MIG.* 


8. N. Tsuya, et al. IEEE Trans. on Mag., Vol. Mag. 17, No. 6, 
Nov. 1982, pg. 3111. 


9. Kk. Shiki, et al. J. Appl. Phys., Vol. 52, No. 3, March 1981, pg. 2483. 


10. R. Ozawa, IEEE Trans. on Mag. Vol. Mag 20, pg 425, March 1984. 


FIG.9 CONSTRUCTION OF MIG HEAD 
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Since the Sendust film and the ferrite core are magnetically in series, Hg 
is limited to the 47mMs of the ferrite which is about 5000G. Because the 
Sendust 4m™Ms = 9500 G, the gap edges do not saturate at this gap field and 
the maximum gap field for the MIG is Hg = 5000 Oe. Using Eq. 3, we see 
that an Hc = 1250 Oe can be used with an MIG record/reproduce head without 
pole tip saturation being a problem, The efficiency of this head is much 
less frequency dependant than that of the metal tipped head, and so it is 
fine for recording digital data at high frequencies on high coercivity 
media. The reason that the MIG curve in Figure 8 is not as high as that of 


the Sendust tipped head is probably because of a small amount of “pole tip 


washout” induced record separation loss. See Figure 14. This effect is 
much less important at high media speeds. . 


Thin-Film Record Heads 

A simple one turn thin-film head is shown in Figure 10. Multiple turn 
heads have also been made." The poles are typically sputter deposited or 
electroplated 81% nickel and 19% iron, having a permeability of about 2500 


and a 47Ms of 10°G. The structure is fabricated photolithographical ly. 
Integrated circuits are made in a similar way. 


FIG.10 SINGLE TURN THIN FILM HEAD 


SUBSTRATE 


POLES 


Cover plate not shown for clarity. 


The composition of 81/19 NiFe is important, because its magnetostriction 
constant is zero. Figure 11 shows the magnetostriction constant plotted 
versus composition. When films are deposited at an oblique angle, as 
occurs at the "shoulders" in Figure 11, the films are invariably strained 
to some degree. If Ais not very small, this strain can reduce the effec- 
tive permeability of the shoulders by a factor of 5 or 10 and hence, 
drastically reduce the head efficiency. 


11. N. Wakabayashi, IEEE, Trans. on Mag., Vol. Mag. 18, No. 6, 
Nov. 1982, pg. 1140. 


FIG.11 MAGNETOSTRICTION VERSUS 
COMPOSITION FOR Ni/Fe 
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Journal Of Aopied Physics. Vol 62, No. 3, March 1981, p 2475 


The pole thickness p, for high density recording, is typically about 4z. 
This thickness is about the maximum that can be processed conveniently, by 
photoresist and ion mill etching, at the = 3u line width resolution 
required for high track density multi-track heads. Track densities of up 
to about 500 TPI on two interleaved stacks can be made this way. The gap 
depth 2 is determined by the wear rate of the sustrate and the expected 
life of the head. The gap depth needs to be as small as possible because 


the ratio p/g determines the maximum Hg that can be generated. 


At low gap fields, (and in Pep ocuce) the efficiency of this sort of head 
is generally high when p= e@. However, when the gap flux (per unit track 
width) Hg’ £ approaches the pole layer saturation flux 4nMs p, the core 
saturates in the region noted in Figure 10 and no further gap field in- 
Crease occurs. The saturation gap field is given by Eq. 


12. R. Jones, IEEE Trans. on Mag., Vol. Mag 14, 1978, pg. 509. 


13. K. Kanai, IEEE Trans. on Mag., Vol. Mag. 15, 1979, pg. 1130. 


Hone 4n Mz 7 (9) 


Figure 12 shows a sketch of the gap field versus record current ir for 
g = 0.25% and various p/£ values, 
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FIG.12 Hg versus i; for single turn record head 
with g= 0.25 y and various 7// values. 


Figure 13 shows a sketch of the 80 KFCI signal recorded by a 0.25 gap 
single turn record head, having two gap depths, plotted versus record 
current in dB. Also plotted is the corresponding curve for a Sendust 
tipped head, which does not saturate in this current range. The curves in 
Figure 8 have been shifted horizontally to compensate for differences in 
low field efficiency. 
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TAPE SPEED = 19.1 cm/sec. 


P=3u 

g =0.3u 
H, =860 Oe 
8; =1500G 


SIGNAL n dB > 


LindB mm 


FIG.13 80 KFC! or A=0.635 y signal level versus 
record current for a single turn head. 


As may be seen, the p = 3p, & = 3p head does succeed in “saturating” the 
tape while the & = 64% head does not. Zero dB is 180 ma pp for the 2= 3, 
curve, 


If a MnZn ferrite substrate is used, the bottom pole can be eliminated. If 
the top deposited pole is downstream of the gap, the partial saturation of 
the ferrite gap corner is of little concern because it is so far from the 
record zone. | 


Head Wear 


. Because of the stringent requirement for minimum head to medium spacing, 


the head to medium pressures may need to be high, which increases the wear 
rate. As the gap is reduced, so is gap depth, in order to maintain head | 
efficiency. Hence, head life is reduced. aga | 


Fortunately, thin-film and MIG head materials such as sapphire and ferrite 
are much more resistant to wear than Sendust and permalloy used in conven- 
tional heads. The wear rate of ferrite is about 10 times less than that of 
Sendust, and the wear rate of sapphire is so small that it is difficult to 


measure, | a 


An important problem with MIG and thin-film heads running in contact, is 

that the softer metal layers tend to erode due to differential wear, as 

sketched in Figure 14. Since so little metal is exposed, the undercut js 

only about 0.054, but at a recording density of 100 KFCI, even this tiny 

amount gives about 4.5 dB record and 5.5 dB of reproduce separation loss 

od : total of 10 dB. This effect is much less important at high medium 
ed. 


GAP POLE TIP EROSION 
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FIG. 14 MIG and thin film head 
showing pole tip erosion. 


Record Heads for Thin-Film Media 

Eq. 5 relating Hg,A, g and Hc was obtained from data generated using thick 
particulate coated media. If deposited thin-film media are being recorded, 
where the media thickness is comparable to the record gap, Eq. 5 does not 
hold and ferrite heads can be used with He values much higher than 625 Oe. 
‘Here one assumes that H = Hc at the back of the medium as sketched in 
Figure 15. 


Yon Hz, 
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The field is written in terms of the Karlqvist approximation.?* 


Hy == (A1- A2) (10) 


and 


Hy = —2 tn, (R1/R2) (11) 


where the angles and distances are defined in Figure 16. 


14, Q. Karlqvist, Trans. R. Inst. Tech. Sweden, Vol. 86, 
Oct. 1954, pg. 2. 
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FIG. 16 ANGLE & DISTANCE FOR EQUATIONS 10 &11. 


These expressions were used to sketch the field contours in Figure 2 where 
H = |H/=/(Hx)? +(Hy)2 Defining Y, to be the height of the H = Hc contour at 
the back of the medium, we have 


Ym _ nH. \7" 
g = [ 24 | He) al 
12 
~ 55 (Ge) -0.15 
2.95\H. 


The exact expression and approximation are plotted in Figure 17. The 
approximation is good for y/g 2 0.4 and is easier to calculate. 
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FIG. 17 PLOT OF “2 VERSUS + 


Solving Eq. 12 for Hc and saying Hg = (4nMs)/2 = 2500 Oe for the ferrite 
head material, gives 


He é 847/(-2 + 0.15) (13) 


‘If Ym/g = 0.5, Eq. 13 gives He = 1300 Oe for the maximum Hc that can be 
used with a ferrite head when the medium is very thin. This is a factor of 
two higher than the 625 Oe upper bound determined previously for thick 


media. 
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Vertical Recording Heads 


In vertically oriented media such as sputter deposited CoCr,’ the demag 
fields coming from the previously recorded bit, aid the record field in 
recording the next bit, rather than opposing it as in conventional media. 
This results in a narrower record zone, hence, a larger high density signal 
and less non-linear bit shift. Conventional ring record heads work wel] 
with vertical media because, at the surface of the media where most of the 
high density signal resides, the record field is vertical. However, a 
narrower record zone and improved record performance is obtained with 
“vertical pole heads" as sketched in Figure 18 when recording on two layer 


vertical media.?° 
FIG. 18 VERTICAL HEADS 
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c) CROSSECTION OF ONE SIDED SINGLE POLE HEAD. 


15. Iwasaki, IEEE Trans. on Mag., Vol. Mag 18, No. 6, Nov. 1982, 
pg. 1110. 
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Toda** has compared the record capability of the head shown in Figure 18c, 
having a pole thickness Tm of l.2u, to a ferrite ring head gaving a gap of 
0.164. Both were tested on a two layer CoCr medium. The pole head 


recorded up to 7.6 dB more signal than the ring head and the ring head 


pulses were very asymmetric. This indicates that significant horizontal 
moment, as well as vertical, was recorded by the ring head, which 
complicates reproduction. Pole heads seem better than ring heads for 
recording on two layer vertical media. | 


However, when recording on single layer vertical media, very high current 
levels are required with pole heads because demagnetization fields in the 
pole tip are very high. Magnetomotive forces, Nir, of 30 amp turns are 
common for the single layer, while 2 amp turns are needed for the two layer 
medium, because of the “magnetic image" of the record head provided by the 
NiFe layer. 

Okuwaki*” has shown that D50 densities (where the signal is down 

50%) of 70 KFCI can be recorded successfully on single layer CoCr media, 


with very little pulse asymmetry using ring heads, -if the CoCr anisotropy 
field is large. - — 


Reproduce 


The output voltage of an inductive reproduce head is given by 


= 40° x4 
S 10 N at (14) 


where S is in volts, N is the number of turns, and @ is the flux in the 
head in Maxwells (cgs emu or Gauss cm’). The head flux @ is determind by 
the reciprocity principle : : 


=| M,- H dy (15) 


16. J. Toda, IEEE Trans. on Mag., Vol. Mag 18, No. 6, pg. 1164, 
Nov. 1982. 


17. T. Okuwaki, J. Appl. Phys., Vol. 53, No. 3, pg. 2588, March 1982. 
18. W. Westmijze, Philips Res. Rep., 8, 1953, pg. 148. 


where Mr is the recorded remanence in the medium and H is the field above 
the read head generated by a unit “test current” in the reproduce windings. 
The integral is over the volume of the tape. For a ring head, H is given 
by equations 10 and 11 and in this context is called the “Read Head Sensi- 
tivity Function.” Equation 15 can be broken down into horizontal and 
vertical components as | 


o=(Mr, Hy dv +[Mry Hy dy (15a) 


If Mrx = Mry are the amplitudes of respective sine waves, the two terms 
above are equal except for a 90° phase shift, hence equal horizontal and 
vertical sine wave magnetizations produce the same read signal amplitude. 


We can get a rough idea of the expected signal amplitude S if we make the 
crude approximation that the medium is sinusoidally magnetized at the 
saturation level, i.e. 


Mrx = Mrs@*(=" x) (16) 


to a depth Ym and is unmagnetized beyond that. Eq. 15a can then be easily 
integrated to give the simple expression 


S = Ae (27+ 5) 5 it ~g2n 6 /». 
(17) 


e g 7 . 
, en G14 NF/A) pb in Volts 


(1.14 9/2) 


where 


A= 2x10 ENT’ 41 Mrs. (18) 
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The first term in the exponent in En. 17, -2md/A, gives the -55d/A dB 
reproduce separation loss, and the second, -5d/A, gives the -44d/A dB 

record separation loss, both discussed earlier. The record separation 

term did not come from Eq. 15a but was added ad hoc. The term in brackets is 
the “thickness loss term" and gives “6dB/octave" increase at long wave- 
length and shows that 90% of the signal comes from the top X/e of the 

layer, Hence, little is gained by making 6 >A/e. The third term is the 
“gap loss term." It is unity at long wavelength and zero when A= 1.149, °° 
having subsequent “bumps” as the wavelength is further reduced. 


E in Eq. 18 is the reproduce head efficiency given by Eq. 2, or more 
accurately, by equations in Ref. 1. N is the number of turns on the 
reproduce head, T is the track width in cm and » is the media velocity in 
cm/sec. 4mMrs is the saturation remanence flux density in Gauss, i.e, 100% 
in Pigure l or about 1200 Gauss for most tapes. 


Figure 19 shows a response curve obtained using the 0.25u gap record head, 
a 0.25u gap reproduce head and tape used to poeals the data shown in 
Figure 4, 
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FIG. 19 SINEWAVE RESPONSE CURVE 
AND COMPUTER FIT. 


The recording was unbiased sinewave, with the record current held constant 
and set to maximize the 300 KHz or A = 0.635u signal. Using a record gap 
g = 0.254 and A = 0.635 in Eq. 5 gives Hg/Hc =4,2, Using this in Eq. 12 
gives Ym/g=1.27 or Ym ~0.32u. 4nMrs for the tape used was 1500 G, the 
reproduce turns were N = 198, the track width was T = 0.025 cm, and the 
tape speed was # = 19,1 cm/sec. The reproduce gap was also 0.25u. A 
reasonable upper bound on the reproduce head efficiency was E ~0.65 and a 
head tape separation of d = 0.lu was picked to give a good fit. Using 
these values in Eq. 17 and Eq. 18, gives the HP-85 computer drawn curve in 
Figure 19. The program is also shown. The fit is within about 2 dB which 
is Surprising considering the gross approximations made. 


In digital recording one records “square waves.” Figure 20 shows the data 
in Figure 19 and a square wave response curve done at the same time. At 


short wavelengths the higher odd harmonics which make up the square wave do 


not come through the record/reproduce process so the sine and square wave 
Signals are the same. 
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FIG.20 COMPARISON OF SINEWAVE AND 
SQUAREWAVE RECORDING. 
RECORD AND REPRODUCE HEADS 
ARE SENDUST TIPPED. 
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Gap Edge Straightness — 


In the past, the standard procedure for making heads has been to cut the 
“current window" and then polish the gap surfaces. Because of this 
sequence, the final polish must be a hard diamond lap in order to preserve 
a sharp corner at the gap apex, as sketched in Figure 21. 


FIG. 21 TRADITIONAL HEAD CONSTRUCTION. 
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FIG. 22 DIAMOND LAPPED GAP SURFACES AT 950X 
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The contrast of these photos has been greatly increased with Nomarsk1 
differential interference enhancement. 


The smallest scratches are too small to measure, but the larger ones are as 


large as lu across and probably up to 0.54 deep. When the head is assem- 
bled, the gap looks, in a somewhat exaggerated way, as shown in Figure 23. 
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FIG. 23 Top view of a head with scratched 
gap faces at about 50,000X ()). 
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The gap length variation shown in Figure 23 washes out the gap null. 
Figure 24 shows a 250 track width Sendust pole tip reproduce head spec- 
trum, which is linear through where the gap null should be. Also shown in 


Figure 24, is the reproduce spectrum of a 36H track width single crystal 
MnZn video head with the same gap. 
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FIG. 24 RESPONSE CURVE SHOWING REPRODUCE 
GAP NULL BEHAVIOR. 
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The ferrite head curve was shifted up to compensate for differences in 
track width, turns and core efficiency. The ferrite head shows the ex- 
pected gap null because its gap surface was "“superpolished" using a 
colloidal Si0, lap’? which results in a surface finish as is shown in 
Figure 25. Nearly all of the artifacts visible are dust in the microscope 
optical path. 


19. T. Wada, IEEE, Trans. on Mag., Vol. Mag. 16, No. 5, 1980, pg. 884. 
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FIG.25 FUJI Mn Zn SINGLE CRYSTAL 
SUPER POLISHED WITH 
COLLOIDAL SiOz AT 950X. 


This lapping technique results in a close to perfect surface finish but it 
tends to round off corners so it is necessary to lapp the gap surface and 
then cut the current window to preserve the sharp corner at the gap apex. 
This requires care to avoid chipping. 


The important thing to note in Figure 24, is that the reproduced signal at 
intermediate and bandedge densities is up to 3 dB higher for the ferrite 
head, The reason for this, is that the gap center line for the Sendust 
tipped head is not straight, as shown in Figure 23. When this occurs, 
various parts of the recorded track produce signals that are out of phase 
and tend to cancel, resulting in less signal. Mallinson’ has shown that if 
o represents the average gap centerline deviation, then the "gap irregu- 
larity loss" on reproduce is given by 


a 
Gap Irreg. Loss ~ 169 (5)bB (19) 


20. J. Mallinson, IEEE, Trans. on Mag., March 1969, pg. 7/1. 
Ce oe 
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Noting that the difference between the ferrite and Sendust tipped heads is 
3 dB at 200 KHz or d = 0.954, solving (19) for o gives o = 0.18 which is 
reasonable in view of the picture shown in Figure 22. 


Figure 26 shows the comparative record spectra of the two heads. The 
“superpolished” ferrite head curve was adjusted upward to compensate for 
track width differences. Both curves were reproduced with the same Sendust 
pole tip read head, hence, no gap null is evident. : 


FIG. 26 RECORD PERFORMANCE OF SENDUST TIPPED 
AND SUPER POLISHED FERRITE HEADS. 
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The “superpolished" ferrite head records about 2 dB more mid-range and 
high-density signal and the advantage is independant of wavelength for 

>» <£1.75u. The source of this advantage is not obvious. The local 

“record phase cancellation" one might expect from the gap centerline devia- 
tion of the Sendust tipped head is apparently compensated by gap length 
variations. Where the gap is small, the record fields are large and vice 
versa, This might tend to straighten out the recorded transitions. 
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One possible explanation for the more or less wavelength independant 
advantage of the "superpolished" head is that there will be significant 
record field direction variation along the Sendust tipped head gap. Since 
Isomax medium accepts magnetization in any direction, the net result © 
could be a reduced component in the tape travel direction at the surface of 
the tape, and hence a reduced signal at medium to short wavelengths. The 
straight gap edges of the ferrite head record full magnetization in the 
tape travel direction which gives maximum detected signal. Note that this 
ferrite head records very well on this Hc = 800 Oe tape in spite of a small 
amount of gap edge saturation. — 


Vertical Pole Heads in Reproduce 


The vertical heads shown in Figure 18 work well in recording on vertical 
media, but in reproduce they suffer from “gap nulls" caused by the 
thickness of the main pole Tm. Figure 27 shows a typical example where 
Tm = 1l,lu. | 


FIG. 27 VERTICAL POLE HEAD 
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This head is not useable beyond about 40 KFCI. If Tm is reduced, to move 
the gap nulls out to higher density, the record function suffers, 
apparently because of pole tip saturation, and the medium thickness must be 
reduced, which lowers mid-band and low density signal.*® 


Magnetoresistive Read Heads 


Magnetoresistive or MR heads generally use a 200-500 A thick “single 
domain” layer of 81/19 NiFe permalloy, whose resistivity changes, in res- 
ponse to rotation of the film magnetization vector, according to the 
expression.7? 


P=PotAP Cos’ © (20) 


Where @ is the angle between the current and the magnetization of the film, 
po is the isotropic resistivity, and Ap is the magnetoresistivity. The 
deposition takes place in a magnetic field which gives rise to an internal 
"anisotropy field" Hk. This field exerts a torque on the magnetization 
which acts to keep 6 = 0, the so called “easy axis." Hk is about 3 to 10 
Oe. The sensor carries a constant sense current is and the field from the 
recorded medium rotates the moment, changing the resistance, which varies 
the voltage across the MR element, hence paQguenne a signal. Figure 28 
shows a sketch of an MR element. 


MR ELEMENT 


SENSE CURRENT ig 


FIG. 28 MR ELEMENT 


21. 0. Thompson, IEEE, Trans. on Mag., Vol. Mag. 11, No. 4, 1975, 
pg. 1039. 
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Figure 29 is a sketch of (p-/0)/po versus applied field H. The “skirts” of 
“the curve are due to minor local deviations in the direction and magnitude 
of the anisotropy field Hk, called “dispersion,” and also due to any (non 
uniform) demagnetizing fields Hd that may exist. The dotted curve in 

Figure 29 shows how a "perfect" film would behave. 
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FIG. 29 SKETCH OF “3"® VERSUS H. 
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The element is subjected to a constant bias field Hb to move the operating 
point field to the inflection point in the curve so as to get maximum 
Signal and minimum 2nd harmonic distortion. This generally corresponds to 


6 =~ 45°, Standard signal in/out versus time sketches are shown in Figure 
29. 


The resistivity Po of permalloy is about 20-25uQcm, depending on thick- 
ness. Ap is about 0.5542QQcm so Ap/po 2.5%. When the element is deposited 
on a high thermal conductivity substrate, such as silicon or sapphire, 
current densities up to about j~10’ amps/cm? can be handled. This 
corresponds to an internal electric field of E = je = 200 volts/cm. For an 
element length of 50 (2 mils) the applied voltage V is a nominal 1 volt. 
The sensor temperature increase. is about 20°C. Since the peak-to-peak 
Sp/po is 2.5%, the maximum signal S= V 4e/po~ 25 mV. The non-linearities 


shown in Figure 25 limit the usable signal to about half this, or ~10mV for 
a 50u~ element length. | 


MR heads are typically classified in terms of how the bias field Hb is 
applied. Perhaps a dozen different bias techniques have been reported. 
These include external fields, adjacent hard and soft magnetic layers, 
shunt current in adjacent non-magnetic layers, asymmetric placement of the 
sensor element in a magnetic gap, rotation of the current by “barber pole" 
conductor layers placed on the sensor layer, paired sensors each current 
biasing the other and "canted easy axis." See Ref. 22 and others contained 
there. Bias has also been accomplished by “exchange coupling" between the 
MR element and an adjacent antiferromagnetic layer.” See Figures 30 

and 31. 


FIG. 30 MR HEADS BIAS TECHNIQUES 
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22. F. Jeffers, IEEE Trans. on Mag., Vol. Mag 15, No. 6, 
Nov. 1979, pg. 1628. 


23. C. Tsang, Jour. Appl. Phys. Vol. 52, No. 3, March 1982, pg. 2471. 


FIG. 31. (MR Heads Bias Techniques Cont.) 
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Discussion of all the above techniques is beyond the scope of this paper, 
but the simplest head due to Hunt*” is instructive. Figure 32 is a sketch 
of the Hunt head. It responds to the vertical field above the media 
averaged over the element height h. 


FIG. 32 UNSHIELDED MAGNETORESISTIVE HEAD 
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04. R. Hunt, IEEE Trans. on Mag., Vol. 7, pg. 150, No. 7, 1971, 
U.S. Patent #3,493,694. | 
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The height must be more than ~4-5um or so, because of wear considerations. 


As a result, it detects approaching digital transitions before they are 
under the sensor. The isolated pulse shape jis as shown in Figure 33. 


FIG. 33 HUNT HEAD ISOLATED PULSE SHAPE 
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The full width at half maximum PW(50)<h for small head-medium separation. 
As a result, the signal spectrum covers a very large range as shown by 
Figure 34, where spectra for several elements are shown. 


25. A.J. Collins and R.M. Jones, Int'l. Conf. on Video and Data Rec. 
July 1979. 
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FIG. 34 FUNDAMENTAL FREQUENCY RESPONSES OF 
eee OPTIMALLY BIASED MR HEADS. 


The “peak- to-band- edge" signal ratio, even for the ai Qum head, is about 40 
dB for a 2um band edge wavelength. 


This signal is relatively free of amplitude or phase non-linearity and is 
equalizable. We presented a paper at the 1984 Intermag Conference des- 
cribing the performance of a fully equalized unshielded MR head reproducing 
80 KFCI data. °° 


However, people have not wanted to equalize this much signal range so they 
put shields on either side of the MR element.*’ This has the result of 
reducing the long wavelength signal a lot and the short wavelength signal a 
lesser amount, so the peak to band edge ratio is smaller. Putting on the 
shields also creates a gap nul] at A~g where g is the sensor to shield 
spacing *® , but it is seldom observed because the sensor must be precisely 
centered in the gap. 


26. F. Jeffers and H. Karsh, IEEE Trans. on Mag. Vol. Mag-20, No. 5, 
pg. 7/03, Sept. 1984. 


27. A. Davies, IEEE Trans. on Mag., Vol. Mag. 11, No. 6, Nov. 1975, 
pg. 1689. 


28. R. Potter, IEEE Trans. on Mag., Vol. Mag. 10, 1974, pg. 502. 


The short wavelength loss of signal caused by the use of shields can be a 
serious problem if the electronic noise, which stays the same, causes the 
signal to noise ratio to decrease. | 


Another type of MR head is called a “yoke MR" and is sketched in Figure 35. 


Here the flux is collected by the yoke structure and conducted to the MR 
element, which is some distance removed from the media. 


GAP 
TRACK 
PERMALLOY WIDTH 
es _ : a ; a — 
. F SS 


BIAS LINE 


FIG.35 YOKE MR HEAD 


( Drawing not to scale ) 


Mr heads have more signal than inductive heads, at low media speeds. This 
is illustrated in Figure 36 where yoke MR signal is plotted versus 1/h. 
Also plotted is the output of a 200 turn inductive head, similar to that 
used in generating Figures 4 and 19, at various tape speeds. As the tape 
speed increases, the signal advantage enjoyed by the MR head decreases. 
However, care must be taken to avoid resonance effects in inductive repro- 
duce heads. The 200 turn head discussed resonates at about 2 MHz, because 
of its relatively high inductance and unavoidable interwinding capacitance. 


If an inductive head is properly designed for a given medium speed so that 
its self resonance frequency is about a factor of two above the upper band 
edge, increasing the medium speed by 2x requires a similar 2x reduction in 
the number of turns. Hence the inductive head signal is also independent 
of medium speed in that sense. AK Hunt head as shown in Figure 32 will have 
a much larger signal than any inductive head at any med jum speed, and it is 
much easier to design to achieve tape noise limited signal to noise per- 


formance. 
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FIG. 36 YOKE MR & INDUCTIVE HEADS COMPARED 


Another MR head worth noting is the recently described “over biased Hunt 


head" of Uchida.* Here, use is made of the fact that the demag fields are 


greater at the edges of the sensor element. A bias field about 4 times 
larger than required for optimum signal is applied. This saturates the 
center of the element and causes the edge of the element in contact with 
the medium to be optimally biased. This reduces the short wavelength 
signal somewhat, but reduces the long wavelength signal much more, hence, 
giving “improved resolution" and a smaller peak to band edge ratio, which 
is easier to equalize. | 


29. 4H. Uchida, IEEE Trans. on Mag., Vol. Mag. 18, 1982, pg. 1152. 


MR heads have been combined with inductive thin-film record heads to forma 
complete read/write structure.’ 

Head Noise 

There are many sources of noise in magnetic recording other than head 
noise, including record and reproduce crosstalk, signal modulation noise, 
overwrite, flutter and wow, and dropouts. The minimum tape noise is bulk 
erased noise and it is easy to measure. The goal of the head designer is 
to cause the head noise to be less than the bulk erased noise, so that it 
does not affect the signal to noise ratio. The head is then said to give 
"tape noise limited performance." 

The primary sources of inductive head noise are amplifier voltage noise Ev, 


amplifier current noise Ec and head resistance noise Er. Ev and Ec for a 
good wide band 40 dB gain amplifier are given by 


Ey~1x10° BY (21) 


and 


E.~ 1x10" Bz. (22) 


Er is given by 


E,~(4k TBR)” 
(23) 


~ 1.29x10 °(B R)”2. 


B is the frequency bandwidth of concern in Hz, Z is the magnitude of the 
complex head impedance, k is Boltzmans constant k = 1.38 x 1072? J/°K, T is 
the absolute temperature T = 300°K and R is the real part of Z. 3 


30. C. Bajorek, AIP Conf. Proc., 24, 1975, pg. 548. 


Figure 37 shows the “tape stopped” electronic noise spectrum for the 200 
turn head discussed earlier, The bandwidth used was B = 3100 Hz. Vector 
impedance measurements were made of the head, which gave Z and R versus 
frequency, and Ev, Ec and Er were computed from equations 20, 21, and 22. 
The inductance was about 7454H and the de resistance was 162. These 
results were also plotted in Figure 37, The total expected electronic 
noise Ee was computed from Eq. 24 below 


Eo= (Ej+ Eo +E)” (24) 


| Ee is also plotted in Figure 31 and is seen to agree very well] with the 
tape stopped noise, except at very low frequency where recombination or 1/f 
noise from the amplifier and pickup become important. 
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FIG. 37 INDUCTIVE HEAD NOISE SPECTRA 


Er increases with frequency primarily because of “eddy current resistance" 
in the conductive Sendust pole tips. 


Finally, the bulk erased ISOMAX tape running noise is also plotted in 
Figure 37. As may be seen, this head and tape make up a tape noise limited 
system, but with only 4 to 5 dB to spare. 


Figure 38 shows the RMS to RMS, B 7 3100 Hz slot signal to noise ratio for 
this Sendust tipped head and ISOMAX tape at 19.1 cm/sec tape speed. The 
record current was set to maximize the 80 KFCI signal. 
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FIG. 38 3.1 kHz SLOT, RMS TO RMS, SIGNAL 
; TO NOISE RATIO 


In single crystal ferrite heads, magnetostriction noise can be a problem. 
The choice of crystal orientation in the head is a compromise between 
permeability, wear rate and magnetostriction noise. The composition of the 
ferrite is chosen to minimize the magnetostriction constant, but a zero 
value is difficult to achieve at high saturation flux density. 


The MR heads generate thermal noise, The temperature coefficient of 
resistance is about 0.282/°C, so a 4°C temperature excursion gives a 
“noise spike equal to the maximum signal of 1% At 107 amps/cm’, the sensor 
may be 30°C hotter than room temperature and the moving medium serves 

as a heat sink. Intermittent contact between head and medium, caused by 
poor medium surface smoothness or dust particles, causes thermal noise 
spikes as the element temperature goes up momentarily. This noise source 
is mostly confined to lower frequencies... Another source of thermal noise 
is frictional heating caused by hard dust or tape particles being dragged 
over the head surface. This is the dominate thermal noise at frequencies 
above the audio range. Even this noise source is confined to frequencies 
below about 250 KHz with a sapphire substrate. | 


Magnetostriction can also be a problem with MR heads. For these reasons, 
it is best to use a substrate like sapphire, which is very hard and which 
also has a high thermal conductivity to minimize thermal noise. 


Barkhausen noise and even order distortion associated with high flux levels 
in the MR layer can be a problem in some applications. Magnetic feedback 
has been used to reduce the flux level in the Yoke MR element, 32 


Several techniques have been developed to solve these and other MR head 


problems. See references 21 and 22 and others contained there. Figures 
39 and 40 summarize MR head noise sources. 


FIG. 39 MR HEAD NOISE 
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31. £. d Niet, IEEE Trans. on Mag., Vol. Mag. 15, No. 6, 
" Nov. 1975, pg. 1625. | 


FIG. 40 (MR Head Noise Cont) 
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OVERWRITE AS A FUNCTION OF RECORD GAP LENGTH - A NEW EFFECT | 


David Wachenschwanz and Fred Jeffers — 
Kodak Research Laboratories, 3099 Science rons Rd. 
San Diego, CA 92121 


Introduction 

n floppy-disk recorders a common head is used for both recording and 
reproducing. Because of timing constraints, old data are not erased, but 
instead, new data are recorded over the old data. This process results in 
only partial erasure of the old data, which appear as noise in the new data 
Signal. A worst-case measure of this is "overwrite", defined as the ratio of 
an original 1F (or half-band-edge signal) to that remaining after being over- 
written with a 2F (or band-edge signal). Overwrite of 30 dB is considered 
adequate for proper performance. 

To avoid the reproduce gap null, and so obtain a more constant peak-to- 
peak signal level over the range of densities to be reproduced, the head gap 
length is generally chosen to be less than about half of the 2F flux change 
length (FCL). A 2F signal/1F signal "resolution" of at least 70% is typi- 
cally required. 

Generally, the record currents that give the maximum 2F signal, accept- 
able resolution, and 30 dB of overwrite differ in magnitude unless the 
recording layer is thinner than half the 2F FCL. At linear densities of 
10-15 KFCI, media less than about 1 um thick are required. This thickness 
corresponds to only two or three typical magnetic particle lengths. It seems 
unlikely that significantly thinner particulate coatings are practical. This 
is one of the reasons for current interest in the very thin metallic media. 

It is possible to solve the overwrite problem while using thick media. 
The data below show that the maximum 2F signal and overwrite of 32-40 dB 
can be achieved simultaneously on a 5 um thick particulate layer, even at 
linear densities as high as 100 KFCI, if the record gap is roughly equal to 
the 2F FCL. The reduction in resolution associated with this increase in 
gap length can be recovered with a compensating reproduce amplifier. 
Experimental Results 

Overwrite spectra for several record gaps were measured over a range of 
linear densities by using an experimental Kodak tape and a linear tape trans- 
port. Similar results were obtained with 3M 265 tape. The same 0.25 um gap ~ 
reproduce head was used throughout. The square-wave record current was set 
to maximize the 2F density signal in each case. 

Figure 1 shows the overwrite obtained for each record gap plotted versus 
the 2F density. Figure 2 shows the same data plotted versus the record gap 
divided by the 2F FCL. Clearly all of the curves are modulated by the same 
resonance phenomenon. Figure 3 shows the 30 KFCI or 2F signal and over- 
write plotted versus record current for the 0.86 um or 34 » inch gap head. 
Here, where g=FCL, maximum 2F signal and maximum overwrite occur at the 
Same record current. 

A possible explanation is as follows. The high-coercivity fraction of 
the particles in the tape are recorded first at the leading edge of the gap 
by the local peak in the head field and the fringing field of the approaching 
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iF transition.??? If the gap is equal to one FCL, when the element of tape 
reaches the trailing edge of the gap, the record current is reversed and the 
1F signal recorded at the leading edge is calcelled, giving maximum overwrite. 

Using a gap this large will reduce the 2F signal about 4 dB because of 
more reproduce gap null, but this signal loss and the attendant phase distor- 
tion are linear and can be recovered with a compensating reproduce amplifier. 
Conclusion 

ata presented show that, for contact recording, overwrite exceeding 
32 dB and maximum band-edge signal can be achieved at densities as high as 
100 KFCI on thick media if the record gap is equal to the 2F FCL. 
References 
: oodward et al., J. Audio Eng. Soc., Vol. 9, No. 4, p. 255, 1961. 

2. R. Fayling et al., IEEE Trans. Magn., Vol. Mag.-20, No. 5, p. 718, 

Sept. 1984. | | 
3. D. Tjaden, IEEE Trans. Magn., Vol. Mag.-9, p. 331, 1973. 
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Figure 1. 2F/1F Overwrite plotted versus Figure 2. Overwrite plotted versus 
éeF linear density for four record gaps. g/FCL for four record gaps. 
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Analog Recording Systems and Noise 


John Mallinson, UCSD. 
Center for Magnetic Recording Research 
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NOISE IN ANALOG RECORDING SYSTEMS 


THE PHYSICAL ORIGINS OF TAPE, HEAD AND ELECTRONICS 
NOISE WILL BE REVIEWED. EXPRESSIONS FOR THE 
NARROW-BAND AND WIDE-BAND SIGNAL TO TAPE NOISE 
RATIOS WILL BE DISCUSSED. COMPARISONS WILL BE 
MADE BETWEEN THE THEORETICAL AND ACTUAL SIGNAL 
TO NOISE RATIOS OF AUDIO AND INSTRUMENTATION 
DIRECT RECORDERS, VIDEO FREQUENCY MODULATED AND 
PULSE CODE MODULATED RECORDERS. 


NOISE IN ANALOG RECORDING SYSTEMS 
JOHN MALLINSON 
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AN F.M. VIDEO RECORDER (Continued) 
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Figure 4. Magnetic fields at y=g/2 for (a) zero width heed, (b) finite width head, w=2Zg, and (c) semi-infinite width head. Components are: longitudinal (Hx), vertical 


(Hy), and transverse (Hz). Projected onto each field surface are the outlines of the top of the head with edge extensions. 
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PARALLEL TRACKS, ODD PARITY 
SYNCHED NRZI, ENRZI 


SELF-CLOCKING CODES 
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FILLED CODES 
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DIGITAL RECORDING WAVEFORMS AT 60 KFCI 


BELL & HOWELL INSTRUMENTATION RECORDER 
FERRITE HEADS, 50 MIL TRACK 
DUPONT CROLYN VIDEO TAPE 


Optical Recording and Storage Media 


Allan Bell 
IBM Corporation 


Outline 


Magnetic data storage — a moving target 
Limits on density, magnetic and optical 


Optical data storage 
Read-only systems and media 
Read/write systems 
Write-once media types 
Erasable media types 


Summary 
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¢ Diffraction limited spot-size 
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2 sing 


Typically d = 1.0u for A = 820nm 


=> Power density ~ 10° W/cm?! 10m lagey 


e Focal length, F ~ 1-2mm 
=> Large Head/Disk separation 


e Depth of focus 
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Read Beam Diameter (FWHM) 
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NA 


To limit bitshift 
Lmin ~ Wo 
Lineal Density ~ wo"! TRPI 


For A = 820nm 


N.A  TRPI ee 
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e To Limit Crosstalk | 
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NA TPI 
05 8K | 
0.65 24K. 


e Residual error limited by: 
— centering error 
— spindle runout 
— gain-bandwidth of servo 


DATA RATE LIMITATIONS 


DATA RATE = LINEAR BIT LINEAR 
DENSITY x VELOCITY 


1. MAGNETIC RECORDING 
e INCREASED LINEAR VELOCITY INCREASES Ve 
° DATA RATE LIMITED BY ABILITY TO TRACK AT HIGH RPM; 


i.e., SERVO BANDWIDTH 


¢ 8 - 12 MB/s ANTICIPATED 


2. OPTICAL RECORDING 


e RECORDING RATE LIMITED BY AVAILABLE LASER POWER AND 
MEDIA SENSITIVITY. 


CURRENT MEDIA REQUIRE ~ 25 mW CW LASER AT 3MB/s 


e INCREASED DATA RATE BY USING LASER ARRAYS Ge Pi 
the 9 i 

ge wee 
ev" wr ° ‘UP TO 3MB/s x 8 = 24 MB/s ANTICIPATED 
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Read/Write Spot Positioning 


Galvo-Mirror 
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Beam deflection via galvo-mirror 
for radial (trackitig) control 

also permits very high speed 
local access (1-10ms) to Radial +-).14mm 
adjacent tracks (+25) 


Peal 


Voice-coil lens mount for 
vertical position (focus) control 


Vertical i 0. 5mm 
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GENERIC ISSUES IN ULTRA-HIGH DENSITY 


DATA STORAGE ( > 10° bpi?) 


FILE RESPONSE TIME 
DATA CAPACITY PER ACTUATOR 


“ACCESS TIME AND DATA RATE 


ECC OVERHEAD 
MEDIA DEFECT DENSITY 


MEDIA RESOLUTION AND NOISE 


MARK GEOMETRY 


SYSTEM RESOLUTION AND NOISE 
POSITION SERVOMECHANISMS FOR READ/WRITE HEAD 


READ/WRITE METHOD 
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e Service Time: Ts = iva ie. 4 Te 
e Response Time: TR =Ts + Tw 
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Tr 1 2-p 
Tg 3862 1-p 


p = Actuator Utilization Duty Cycle 
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Service time, Ts 
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e Increased capacity per actuator leads to increased 
actuator utilization and an access bottleneck 
cneere wt <0 te niv yy ectece Cree a 


#e rae Bee bein hy raw © perfor ft win 2 € AeEY) 


Error Control and Correction 


e ECC Overhead Increases with Bit Density 


(10g) 
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Bit Density ——> . 
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e For Density > 108 bpié 
~ Raw BER 1074-10°6 
= ECC Overhead 10-20% 
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Media Defect Density and Hard BER 
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QO Optical Storage 


4 108 bpi@ 


——_————] Ultra high density magnetic storage 


e Substrate surface and media coating must be defect 
free at 1 sq.u level 


e External contaminants (dust) must be excluded from 
the data storage plane during specified media lifetime 


e Media must be selected and environment controlled to 
minimize micro-corrosion during specified lifetime 


—- Media selection and fabrication is an extremely 
Critical issue for any technology 


IBM 3380 
1.2 107 bpi? 
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Optical Media Encapsulation 


e Eliminates defects due to 
dust particles 


e Protects storage layer from 
environment 


e Permits removability of media —> necet yy 
Fate seul’ ¢. 


Substrate 
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SUMMARY COMPARISON OF PERFORMANCE 
MAGNETIC OPTICAL 
3380 ULTIMATE | MODERATE ULTIMATE 
(GaAs LASER, (BLUE LASER 
0.5 NA LENS) 0.85 NA LENS) 
LINEAR()) = 15k BPI >4OKbP | ~ 35K bPI >80K bPI 
DENSITY 
TRACK >800 TP! >3K TPI ~ 16K TPI >40K TP! 
DENSITY 
AREAL 12Mb /in2 >120Mb/in2 —- 56OMb/in2 >3200Mb/in~ 
DENSITY 
DATA 3MB/s ~ 12 MB/s 3MB/s°2? 6MB/s‘*? 
RATE 
(1) ASSUMING (2,7) CODE AT 1.5 BITS/TRANSITION 
(2) X N FOR N ELEMENT ARRAY, PARALLEL RECORDING 
CEN deny: set as 
Ac ny § 'O] « | B- 
. | -” ~~ mm 
pe a /é ys cs : 


COMPARISON OF MAGNETIC AND OPTICAL 
STORAGE TECHNOLOGY FACTORS 


Magnetic Optical 
{ Head/Disk O.1u 1000u 
‘ Separation 
Substrate Ultra-smooth A!, Glass 
Al Polymer 
Storage Thin Film Thin Film 
Medium <1 < Ty 
Encapsulation No Yes 
Drive Internal Sealed HDA Open to Ambient 
Environment 
Removability 7 No | | Yes 
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Classification of Optical Data Storage 


Read/Write 


a 


Factory replicated 
plastic disk with 
embossed surface 


Media Type 


Magneto-optic or 


Various thin film 
metal or organic 
materials 


phase-change thin 
film materials 


1 hr continuvus video 
100,000 video frames 
1 hr digital audio” 

2-8 GB Data 


Media Capacity 
Both Sides 
30 cm Disk 


2-8 GB Data 
20K-100K A4 doc. 


1-4 GB Data 


Consumer entertainment 
Education/training 
Program distribution 
Database distribution On-line mass storage 
Videogame ROM (juke-box) 


Media Cost (1) _ -$2-10/GB | $10-50/GB $10-50/GB 
Drive Cost (T) $0.5-5K $5-20K $5-20K 


Long ¢ ver ed | y Jt fr r$h pwd? provoke le 
“12 cm disk, 1 side oo pper ery re ad 
t R. Durbeck IEEE MSS (1982) 


Document storage 
Archival database 
(tape replacement) 


High capacity, low 
cost store for small 
systems 


Applications 


@NTSC video, constant angular velocity mode 
Constant linear velocity mode, 1.25 m/s 


Specifications of Read-Only Optical Discs | 


Laser 
Wavelength 
NA 
Diameter 
RPM 
Thickness 


Track pitch 


Pit Length 


Video Disk 


a iii 
780.0 nm 

0.45 

12.0 cm 


480-2102 


Read-Only Optical Disk 


LY Pre-Embossed 
| %@ <“ Data Pits 
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500A Aluminum Reflective Layer 


Disk Substrate 
(PMMA) 
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bie, 3. Calculated modulation of the intensity Jp of the reflected 
light for various values of the periad of of the pit pattern as a 
function of the postion won the track, x == 0 corresponds in all 


cases to a point half-way between two pits. For the purpose of 


the calculation the aperture of the lens used is tuken as 0.4, the 
width of the pits as OS pam and the wavelength of the biehe as 
0.63 pam, 
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Vie. 5. Numerically calculated behastour of the modulation 
depth Voot the light reflected from the track as a function of the 
period .f of the pit pattern for various deviations .f from op- 
thnum focusing (f= 0). 
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Fig. 13. SNR of complete system, with 30-hETz 


bandwidth and 0.40-NA lens. 
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3. Tracking Servo Control 
Vhe 2 beams of both sides are arranged slightly 


: V WED Wisc s out of alignment from each other as shown in 


te «2 @ 


Fig. 6. The corresponding reflected beams are 
applied to photo dicdes A and C respectively 
(see Fig. 5). The tracking servo control maintains 
the difference between the 2 diode outputs at 
zero. 


Pip. 6 Phe radial tracking signalia a funetion of the distance Cool 10° 


the track from the ortvan tor the focal settings As = Opin, 22 pa, bA 
pa. 
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Fig. 5 
Photo diode pattern 
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Digital Audio Disc Read-Out 
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4n 
_— 


<< 0.6u 


7 | ()-— ~1p diameter 
/\ Focus 

Focus Lens ok ° Actuator | 
x | > <«_— 1.6u 


<> Collimation Lens 

Semi-Transparent \ | [] D, 

Mirror ee 1 ic Signal = D, + D, + D, + D, 
[KC 

— | D, Focus Error = (D, + D,) — (D, + Da) 
\/ [| D, Tracking Error = (D, + D,) — (D, + D,) 
3 Dn 4t, DL | Focus<t lp 
ee ee Tracking < + 0.1 


READ-ONLY OPTICAL DATA STORAGE 


¢ DIGITAL AUDIO DISK (DAD, 1983) 


1, 120mm DIA. DISK - 1 HR. PLAY 
SONY/PHILIPS FORMAT STANDARDIZATION 


FIRST HIGH VOLUME PRODUCT FOR OPTICAL TECHNOLOGY 
9 


hb WwW WN 


. SINGLE CHIP ECC - BER < 10. 


¢ DIGITAL DATA DISK (CD-ROM, 1984) 


BASED ON DAD TECHNOLOGY: 550 MB DISK CAPACITY 


oad, 
r) 


SONY/PHILIPS FORMAT STANDARDIZATION - 
INTRODUCTION 4Q84 


PLAYBACK UNIT PRICE: $400 [500 
12 


uo f& WW N 


. ACCESS TIME < 3s, BER 10. 
*6. EXTENDABLE TO LOW-END READ/WRITE SYSTEMS. 
7. MEDIA SUPPLIERS: 3M, SONY, PHILIPS 


8. SONY WILL INSTALL AND LICENSE MEDIA FABRICATION EQUIPMENT 
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Philips DAD 
Read-Only Head 
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Optical Read/Write Head 
(Matsushita) 


| PMMA (Poly Metha Methyl Acrylate) Protective Layer 
AS a protective layer on both s|des of the disc, PMMA has excellent 
flatness and polarization characteristics. The external Surface Is coated 
with a hard polymer {or extra durability.” mbgee 
' bog g FEve , yey Bae Dost ae rae? a 
UV Light Polymerized Layer = 
Grooves are created py & Stamper and the Special polymer is hardened 

: by ultra-violet light. pe, oe as t . : ’ | ’ 

* TeOx Recording Layer a 
Heat sensitive tejlurium suboxide film is vapor deposited onto the 
Stamped grooves in the UV polymer layer. This layer stores video signal 
information in {he form of chains of dots. ; 


UY Layer 
; PMMA Layer 
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Diode Laser Read/Write Systems 


Disk <«—»> Track direction 


(}\ 


Focus Lens 


tt 3-D Actuator 


oe aD A. plate 
4n 


Beam Shaping T 


single Fundamental Mode 


e High Power, 15-30 mW cw 
Data Rate 1-2 MB/s 


e Long Lifetime (>10,000 hr) 
Future — Laser Arrays 
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Angle Prism 
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| i ma vA Polarisation 
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Quadrant 
Photodetector 


Data Signal = D, + 0, + D, + D, 


Focus Error = (D, + D,) — (D, + D,) 


Tracking Error = (D, + D,) — (D, + Dy) 
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WRITE-ONCE OPTICAL DATA STORAGE 


* COMPUTER COMPATIBLE DATA STORAGE/RETRIEVAL: BER < 10° 


1. HIGH PERFORMANCE 


3MB/s DATA RATE 
< 100ms AVG. ACCESS 


2. MID-LOW PERFORMANCE 


1.5 - 0.25 MB/s DATA RATE 
150 - 450 ms AVG. ACCESS 


¢e DOCUMENT STORAGE/RETRIEVAL SYSTEMS: BER < 107? 
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CURRENT WRITE-ONCE OPTICAL DATA STORAGE PRODUCTS 


COMPANY DISK DISK DATA 
CAP.* PRICE RATE TIME 
STC 4 GB S140 3MB/s 85 ms 
HITACHI 1.3 GB S300 0.44 MB/s 250 ms 
NEC/3M 13GB $250 0.8MB/s 450ms 
OPTIREM 1 GE S7100* 0.53 MB/s 150ms 
ae 
. Per Side 
ae OEM Quantity 
p- & 
vi i! ; van i aP ; 
4 ie h { ov at v 
a ee yv | 
Vs hy y fr 
| i | jo / 
a ~ 
pyv ~ 
BCH 
Oe ae 


ACCESS SYSTEM 


PRICE 


S130K 


$1000/mo. 


913,500 


S6000** 
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STC 7640 Optical Storage Unit 
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PERFORMANCE CHARACTERISTICS 
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© 14" Aluminum platter with cartridge 


e Projected Lifetime 10 yrs. 
e ~ 600 Mb/in? 


TECHNOLOGICAL CHARACTERISTICS 
CAPACITY 
formatted 
BAND) CAPACITY | 
formatted 
TRACK CAPACITY 
bormatted 
BIT ERROR RATE 
Raw 
Corrected 


ENVIRONMENTAL CHARACTERISTICS 
TEMPERATURE 
Opcrating 
Shipping 
HUAIDETY 
Operating 
Sh rap op nee nge 


40 Gigabytes 
5.7 Megabytes 
116.5 Kilobytes 


Tin 10° 
Tin 10"! 


STC 7440 Optical Media Unit 


x > Net x 


“3 RESERVED BANDS 
716 BANDS 


48 USER TRACKS 
"1 RESERVED TRACK 
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b 49 TRACKS 


49 TRACKS 


59° ta 90°F (15°C to 32°C) 
-40°F to 140°F (90°C to 60°C) 


20"... to BO". Non-Condensing 
5.010 990. Non- Condensing: 


716 BANDS 
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Optimem (Xerox/T-CSF) Write-once Optical 
Storage System (FSC 1H84) 


Media 
7 ~~ e Type PMMA Air Sandwich 
misigga Th : | e Active Layer Au-based Alloy 
me Bubble-Mode 
e Projected Life > 10 yrs. 
BER (corrected)  10°'2 


e Format 
Linear Density 15 KbPI 
Track Density 15 KTPI 
Areal Density 225 MbPI2 
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1 


r fy of ‘ 
Shugart Corp’s Optimem seve laser-based optical disk drive is shown with an , . 
Sasoi 8° floppy for size comparison. , 


SCSI/SASI Interface 
1200 rpm 


DOCUMENT STORAGE/RETRIEVAL SYSTEMS 


VIEWED BY MANY JAPANESE COMPANIES AS AN ENTRY PRODUCT TO 
OPTICAL STORAGE 


5-10 JAPANESE COMPANIES HAVE ANNOUNCED OR SHIPPED 
STAND-ALONE SYSTEMS INCLUDE: 

HARD COPY INPUT/OUTPUT (~ 10s) 

HIGH RES. CRT 

STORAGE UNIT (~ 0.5s ACCESS) 

PROCESSOR 
TYPICALLY $40-80K 


12" DISK CAPACITY 10,000-20,000 A4 DOCUMENTS 


TOSHIBA ‘TOSFILE’ (FCS 1Q82) REPORTED TO BE INSTALLED 
AT 200-500 LOCATIONS 


7-33 


ve-Z 


Document/Image Storage System 


Optical Storage 


Optical Document 
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Printer 


Toshiba DF-2100 


Capacity | 10,000 A4 Documents 


(per disk) @ 8 Ipmm horiz. 


7.7 lpmm vert. 
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— RES UAL Focus ERROR DEPENDS ON 
\) DISM FLATWESS 


2.) RoTATIONA L VELOCITY 
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b) MEASURE DISK RUN-ouT SPETTRUM AT SYSTEM RPM 
4.9) 
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Semiconductor Diode Lasers 


GaAlAs: A = 780-850nm 


Laser 


to Optics/Media 


1-2cm Lens 

e Compact - permits modular R/W head design 
e Limited power, very efficient 

e Directly modulatable 

e Lifetime 2 76,600 hr 

e Less expensive 

e Data rates 1-3 MB/s | | 

e Integrated arrays for very high data rates 
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D\ODE LASER _ BASICS 


METALLIC 
STRIPE 
CONTACT 
7-13 MICRONS 
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ME TALLIZATION— 
p* -"Cap= —GoAs Ge 
p ~-" WALL-- — Al,Go,., As Ge 
ACTIVE L AYER- — Aly Go,-y As undoped or Si 
n-" WALL —At,Go,., As Snor Te 


n- SUBSTRATE —- 


METALLIZATION— 
(b) 

hig. 33. (4) Schematic tepresentation of the stape peometry laser 
structure (afters Kressel and Bather {7)). (b) Schematte cross-section 
of the standard oaide-stripe AlGsAs diode laser tue CW room tem- 
Potutuce operstion. Phe active layer of thickness d (0.05-0.2 pan) ds 
placed 2-3 win away trom the contact stipe. Phe Alp Gayl pas (Ce = 
O.$-U.4) “wall? layers bave a refractive tudex a, lower Chau Che index 
“a, of the Al Ga yas (y > 0.05-0.1) active layer (ie, On - ny 


my = 0.2-0.3). 
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LASER Oscitrates (Emits) owl 
IN PERMITTED MODES , DEFINED 
RY THE GEDMETRIC, oP ICAL 
AND ELECTRIC PROPERTIES OF 
(ME ACTIVE REG (Ow 


\ TVTIKANSVERSE SPATIAL MODES 


(Le TO YUNetion PLANE) | 


2) LATERAL SPATIAL MODES 


(/] To Sonction PLANE) 


3) LONGITUDINAL SPECTRAL MODES 
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REQUIREMENTS ON OIOBDE LACER SOURCES © 


FoR OPTICAL. DATA_READ[WRITE 


APPLICATIONS 


1) LINGLE EUNDEMENTAL SPATIAL MOVES For 
BOTW TRANSVERSE AIVD LATERAL DIRETTIONS 

— TO AcWwIEVE DIFFRACTION CimTEO 
SPOT DIAMETER WITH HIGH OPTICAL 
IEZEFA\CAENCY FOR THE READ /WRITE 
OPTICAL SUSTEM 

— TO PERMIT DESIGN OFA SINGLE OPTICAL. 
SUSTEM Fer RATCA MANUVFACTUREO 
Lasers ( INdIWINVAL LASER PROPERTIES 
RE CLOSER IF ALL ARE FUNDEMENTAL 
Mowe) | 


ALAN E. BELI 
IBM 


vP-L 


ALAN E. BELL 
TBM 


RPrIOCE LASER REQUIREMENTS (COWT’D 
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2) PREFER MULTEMODE SPECTRAL OPERATION “CO 
MINIMISE EFFECT OF FEED GKACK (UNLESS 
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Pip. 10. ‘Transient responses of the voltage V across the laser elec: 
trodes and the laser outpat £ to the tucnoan of the return beam .! 
Vertical scale: 5 mV/div. Horizontal scale: 0.2 psec/div. 


DOVE _LASER REQUIREMENTS (CONT'D) 


4) LOW THRESHOLD , Nigh DIFFEREN TIAL QUANTUM EFFICIENCY 
—- TO MINIMiCE POWER REQVIREMEWT 


4) Low SPONTANEDUS Lee 
ETAVSSIOWN ACT THRESROLY 


THE OIFFERENTIAL 
QUANTU!A EFFICIENCY 
1S PROPORTIONAL 

TO THE SLOPE 


oO FERMIT MAXIMUM 


OPTICAL POWER OUTPUT 


Rivr9o RETWEEN OUTPUT 


AMOUNT OF SPONTANEOUS 
| EMISSION AT THRESHOLO 


POWERS WWEN re eG Ss ee 


—————— CURRENT 


UNDER WRITE OR RERO 
POWER LEVEL CONDITIONS 
3 (LEAMA CRRARIA CTERIASTICS ( ESPECIALLY BEAM POINTING 
DIRECTION) UNCHANGED AT 
perme (~ kSm0) ANI WRITE (1S —3dmw) POWER LEVETS 
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PIPE LASER. REQUIREMENTS (CONT'D) _ 
G) CARRACVYERISTICS NOT STRONGLY TEMPERATURE 
DEPENDENT 
7) CAPABLE OF SINGLE SPATIAL MODE OUTPUT TO 
RELATIVELY HIGA Powers (1S -3Omw) 
2) ALL. TAS — AND Lowy LIFETIME | 


~ 10,000 hes 
Ae Write CEVELS 


ALAN E. BELL 
IBM 


4 POWETS, 
LONG- LIVEN SINGLE MODE DIODE LASERS — 
L 


) HIGH POWER — LONG LIFE. 


(4) Low PoWER THRESHOLD AND HIGH DIFF QuaANT. 
EFREICiIeEvNCY RWELP TO REDUCE HEAT LOAD 
INTO THE DEVICE ACTIVE REGIOWS 


(b) MINIMISE LIGHT POWER DEWSITY AT 
— FACETS 
= LARGE OPTICAL CAVITY (LOC)STRVCTURES 


- NON - ABSORBING FACET CONSTRUCTION 


(cy) PASSIVATIE FACETS 
i = PIELECrRIC QUARTER-WaAVE STACKS 
DEPSsSVTEO ON FACETS 
(4 ) DESIGN A Good DRIVER WITH NO 
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DESigw  svTeATEgY (Conv dD) | 


2) SINGLE SPATIAL MODE OPERATIOW 
| — “TRANSVERSE (RELATIVELY EASY 

—~ LATERAL INTROOUCE SOME Now —PLAWAR 
GEOMETRY OR REFRACTIVE INDEX 
VARIATIONS WO PROVIDE OPTICAL. 
CONFINEMENT IN ADDITION TOD 
ELECTRICAL. COWF INEM EVT 
PROUIDED BY THE STIRIPE ConTACT. 


ALAN E. BELL 
IBM 


ar! 


RESIGNS PICOVIDING LATERAL OPTICAL. 


MODE ConFINEMENT, 
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Figure 4 Schematic Structures of some 
Lhaterally Index Confined Lasers (adapted from 


WS 
ret. 49) Oy C) d a VARIES LATERALLY 
a - —Isnried Heterostructure (ref. 50) 
=~ embedded structure (refs. 51, 52) 
= deep diffusion stripe (ref. 53) 
- Transverse Junction Stripe (ref. 54) 
= Channeled-Substrate Planar (refi. 55) 
= Terraced Substrate (refi. 56) 
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OPTICAL STORAGE MEDIA 


Preformatted Substrate Technology is the Key Common Factor 


Read-Only Disk Fabrication Technolosy Provides the Basis For 
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a) Glass: 


b) Aluminum: 


c) Polymer: 


DISK SUBSTRATES 


Good surface quality 
Dimensionally stable 
Chemically stable 


Currently mass-produced 
Dimensionally stable 
Chemically stable 


Mass production underway 
for consumer video disc 
formattable 

lowest cost and bulk 


Very expensive 
Bulky ie i CLG vee Ze Mh. 
Fragile < ar: y, 


Sn pe ( a vale: ce ” 
Moderately expensive 
Need surfacing layer 
Reflective-mode disk 

structures only 


Careful design and pro- 
cess control needed to 
achieve good surface 
quality, mechanical and 
chemical stability 


POLYMER SUSSTRATES FOR 


Property 


Birefringence 


Absorption 
(X = 633nm) 


Dimensional 
Stability 


Glass 
Temperature 


Process 
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_ CUsne. 


cO 


(Cs 


PMMA 


Acceptable 


~5% 
Motsture 
Sensitive 
~ 110°C 
Injection 
Molding 
Moderate 


Videodisc 


OPTICAL STORAGE 


PVC 


Marginal 


~ 15% 


Temperature 


Sensitive 


~ 70°C 


Injection 
Molding 
Low 


CED 
Videodisc 


Problematic 


~ 5% 


Good 


~ 140°C 
Injection 
Molding 
High 


DAD 


nw 


Read-Only Disc Fabrication 


Mastering process 


Exposure | | 
, ~0.15y 
Photoresist 


¥S-l 


Read-Only Disc Fabrication 
2. Replication and Finishing 


e Injection Molding 
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Onde ier aera Ph Pie . 7 


e Finishing 


Reflective 
Al Layer 


Protective Resin 


Glass 


/ : 
UV. exposure Baseplate 


Photo Polymer Resin 


2P-process for 
substrate formatting 
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4. 
th 


3] Scanning electron microscope photo shows prerecorded 
eading structure and recorded data In the groove. 
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PHILIPS PREGROOVE DISC 
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TOLERANCE To 
OVERCOAT [DISK TAICKNESS 


DUE TO 


VARAATIONS 


rad 
eye 


OISK THICKNESS TOLERANCE 


na 1 
(AY 
ss HIgh NA (0-6) 


SYSTEMS WILL 
Require < (Y 
©) 


SPHERICAL ABERRATION (MM) 


3 A 5S 6 7 8B ¥g 
NUMERICAL APERTURE TA\CKNESS VAI ts) ; 
FIG. PNUMERICAL APERTURE VERSUS = lam jay 172 SANDWICH. 


ALLOWABLE DISK THICKNESS TOLERANCE 
(uty) DESIGN IS USED 
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Disk Design 
® High Performance 
| | Direct encapsulation 
~200p es Active layer 


tf rN 


Surfacing layer 


Al substrate 
@ Archival 


— Glass substrate 


Pa 
2P format layer 
Air es. 
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e Low cost 


Polymer substrate 


Air gap or 


a 
adhesive ——> 


Active layer 
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Basic Requirements of Read/Write Optical Storage Media 


1. High Resolution and Regular Mark Geometry 
| — To achieve adequate raw BER at high density 


> ~ Ty 


<) 4b (| <—Fluctuation =6 
<> | 


Timing _4 ~<— Clock Pulses 


Window 
1 1 1 1 1 
Playback 
/\\ é i | ‘f Signal Waveform 


6 < + 100A for BER <10° 


at 10° b/cm* 
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Basic Requirements (cont.) 


2. No Intermediate Processing 
— To permit data verification during recording 


Focus lens 


yo field of view 


Secondary (read only) spot- 


Primary (R/W) spot- 
verifying data y ( ) sp 


recording data 


Media translation 


D-R-A-W Process 


Basic Requirements (cont.) 


High Sensitivity 
— To permit 1-3 MB/s with diode laser 
recording source 


High Contrast Between Recorded Mark and 
Unrecorded Track | 
— TO maximize read signal amplitude (SNR) 


Well Defined Threshold for Recording 
— To permit unlimited (> 108) reads without 
degradation 


7-6" 
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HIGH SENSITIVITY 


Absorption 


Transmission 
High Absorption: Antireflecting designs (CF solar devices) 
| | multilayer interference, texture 
Low Heat Spread: Low thermal diffusivity materials 
_ Low Recording Energy: Low pit formation temperature and 


latent heats 
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SUBSTRATE 
HEAT LEAK 
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FILM 
/ SUBSTRATE 


O.| 


|. GLASS SUBSTRATE 
2. PLASTIC SUBSTRATE 


50ns PULSE 
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~ Oo Basic Requirements (cont. 
~— ; | 
— | 
6. Stable Against Microcorrosion 
To maintain low raw BER (< 1074) 


for at least 10 yr. lifetime 


7. Compatible with Formattable Substrate 
— For track servo, sector ID, etc. 


8. Compatible with Low Cost, High Volume 
Manufacturing Process 
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Mic ROSCOP IC. MEASUREMENTS ARE NOT SENSITIVE | 
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Fig. Sa and b. Oscilloscope traces of the transmitted (a) and reflected 
(b) laser beam during exposure ofa 31.5 nm tellurium filmon PMMA. 
(Power: SmW, wavelength: 530nm and r, = 1.22 ym, horizontal 
scale: 0.2 ys/div) 
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Fig. 7. Numerically calculated ternperature rise ofa 31.5nm Te filmon 
PMMA in the centre of the spot for different laser powers [mW]. 
(Wavelength: 530 nm, r= 1.22 pm). Only the part above the melting 
point is shown. The dashed curve c anects temperatures just before 
hole opening for different threshold powers 


ALAN E. BEI 
TBI 


08-. 


Sul —-OX\ Ae. layers (matsusniTA 


}0G cc ar ial Same | 


oe 


Ge, ( Ve) 


RATIO fly Io 


CONTRAST 


() tf 


| a! OER (MNS OES TS 


mn bowe 
REL NEIVE ENDO. RE 


Pace: 2. Tramstrsoirenm contr est 
rot@os ot Subeorrde Chia talaes 

before to atter Me rlash wpa be 
aSoa functron of @Xpuonube power, 


AUARWIeA ck al 
SAVE 329. 1AS (BZ) 


ALAN E. BELL 
TBH 


TRANSMISSION ToO%,} 


Pagqure 
falns YeO.. by heatina, 


vable 2 Culor changes Of sub-oxide thin films 
incuced by a flash light exposure, 
ee 


InO 
myx Gray ——> Whiten 


Seater el 


Ged,, (Te) Yellow, Brown ——> Darken 


PLO, Gray, Brown 


| — > Darken 

(C) TeO, 9 cS 
SbO,. Gray, Brown ——> Durken 
PLO» Gray, Brown) -——» Darken 
MuOx Blue — > Blue black 


CLS La ee naeteee ee 
neem 
a memanamrn 


hoo 200 4U0 400 
TEMPERATURE FF C°C ) 


Transmission changes of thin 


VACUUM EVAPORATION CF POWVKDER MxTURE 


OF TUNGSTEN (DE-oxivising AGEWT) AND TeO, 


3 leO2 + CZ-% )W 
es a a (2—-% )WOz 


Transmission T (%) 


100 200 
Temperature T (°C) 


300 


400 


8-2 


THOWSON-CSF BUBBLE MODE MEDIUM 


* . an Av or Pt Alloy 
ae 


mk — 


‘ Oe at. al ees 


Polys. oP g 


Su citrate 


Advantages 

1) High Sensitivity Without Low Fc.Pt. Metals 
2) High SNR—No Irregular Melted Rims 

3) Can Be Replicated 


YCornwet etal 
CLEDOI PROC. (22 


ALAN EE. BELL. 
IBM 


BE ber 


ALAN FE. 
Pith 


BT. 


eczema] RES 


SINR (dB) 


THOMSON-CSF MEDIUM 


60 

50 
10 MHz 
» = 0.633;.m 
NA = 0.33 


6 8 10 12 


Record Power (mW) ———> 


ANTIREFLECTION BILAYER (RCA) 
—FOR MODERATELY ABSORPTIVE MATERIALS 


Aluminum Reflector | 


ALAN E. BELL 
1M 


SSS 


Dye/Binder Bilayer (Kodak) 


Lo Tensioned Cover Sheet (0.13 mm) 


Aluminum Substrate 


~100 nm Dye/Binder (LWR) 


~50 nm Al 
~100u Web 
| 100 
~40u Adhesive 
| en 
0.5-2mmAlDisk 5 — 
== 
acta, Oe 
0 Oo 
@M © 
2 co 
O il 
on 
oS 
i 
0 
0 | 300 


dnm 


Howe et al, Kodak 


rom | 
~J 
fx) 
xq 
id 
pun 
= 
< 


oT 


Characteristics of Dye/Binder Media 


A= 830 nm 
Amplitude Readout 
100 
R% SESS | 
0 300 * 


A= 633 nm | | 
Phase Readout | . 
100 - 

“et JIN [\\ 
; 1 POW 7 


Differential 
Detection 


Capacity. 5.8 GB 
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Fig. 4. Detector signal (transmission of the memory location) vs 
erasing energy for an exposure time of 10 psec. At minimum signal 
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Reversible Phase-Change Media 
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Reversible Phase-Change Disk Characteristics 
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Progress in Magnetooptics 
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Evolution of RE-TM Alloys for M - O Storage 
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Magneto-Optic Properties 
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Magneto-Optic Read-Out 
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Plane polarized 


Reflected: 


Elliptically polarized 
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Magneto-Optic Detection 
e Differential detection maximizes SNR 
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Use of Phase Plate 


Introduce Phase Compensation = -6 
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Magneto-Optic Detection 


@ Differential detection maximizes SNR 


plate  ~P.B.S. 


: SIGNAL a | oa IR@, 
NOISE/ (Hz)1/2 og (IR)1/= Shot Noise 
‘ (IR)e Media Noise 


+ Const.  Electrenics Noise 


7-118 


LOG, (volts) 


Improved Materials ‘ \ 
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Coating Structures for Magneto-Optic Media 


Substrate 


, Single Layer 
} p Dielectric Enhanced 


Dielectric Enhanced 
Bilayer 


Dielectric Enhanced 
Trilayer 


(_) Dielectric Material 
EZ ~M-O Media 


Reflector Materia! 


cobed 


Magneto-optic Anti-reflection Trilayer 
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Destructive Interference Constructive Interference 


Pa —f, Enhanced 
High Absorption of Increased Playback SNR 


Record-Beam Energy 


Cot-L 


Enhancement of Kerr Rotation 


enhanced 


r, reduced 


GdTbFe, A = 800 nm 
Ohta et al, Sharp (1983) 


ANALYSIS OF MAGNETO-OPTIC MEDIA 


-e Normal modes of propagation are RH and LH circularly 
polarized light 


a : 1/2 ; 
Ny = (exy + iexy) =n_ — ik, 
1/2 _ik 


n_ = (ey - lExy) = _ 


e Resolve plane polarized read beam into equal components 
of RH and LH polarized light 


e Compute complex reflectance for RH and LH polarized 
components 


e Recombine solutions 


Ty = 1/2(r 2 ot r_) = rely 
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SNR Enhancement (dB) 


Single Layer — Dielectric Enhancement 
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MAGNETO-OPTIC STATUS 
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Data Rate 
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MAGNETO-OPTIC DATA STORAGE 


Rare Earth/Transition metal alloy media are the 
leading candidates 


Multilayer interference coatings are important to 
acnieving adequate SNR 


Cyclability is good, > 10’ cycles reported 
Data retention is good 


The drive tecnnology is in nlace now 


Overwrite requires sequential erasure followed by 
re-write | 


The chemical and magnetic stability of thin RE-TM 
Tilms is not yet establisned 


Systems and Applications—Future Trends 


Al Hoagland, SCU — 
Institute for Information 
storage Technology 
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Recording Technologies 


@ Magnetic Recording 
Invention—1898 
DASD—1956 (100 bpi, 20 tpi) 


-@ Optical Recording 


Photostore (single disk)—1952 
(approx. 2000 bpi, 2000 tpi) 


How do you measure progress? 
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Areal Density as Goal 


e Advantages 
— For Specific Hardware Configuration 
Greater Capacity 
Lower Cost/Bit 
— For Same Capacity 
Smaller Module 
Improved Access Capabilities 
Reduced Cost | 
Whereas 


@ Access Time 
— Configuration Choice Dominant Factor 


Areal Density as Goal (cont.) 


@ Data Rate 
— Most Sensitive to Degree of Read/Write 
Parallelism 


Magnetic Recording 
as Standard for Judging Alternatives 


e Advantages 

— Updating Capability 

Investment in Software 

— Nonvolatile 

— Large Capacity at Lowest Cost per Bit 
® Disadvantages | 

— Relatively Long Access Time 

— Mechanical Reliability Issues | 
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RIGID DISK TRENDS 


_____IN MICRO INCHES 


YEAR DEVICE BIIS/in IRACKS/iIN  Bits/in¢ SPACING GAP THICKNESS 
1956 ~— IBM 358 188 20 2008 1906 = 888 1280 
1961 «BM 1381 500 59 25000 500 500 500 
1964 IBM 2311 1190 109 118898 125 200 2508 
1965 «BM 2314 2200 109 220008 85 105 85 
1970 IBM 3330 LOLG 192 775688 50 100 4] 
1973 IBM 3348 5600 300 1.68 x 19° 17 60 4 
1975 IBM 3350 6425 476 3,06 x 196 17 60 4 
1978 STC 8650 6425 952 6.12 x 196 17 60 I, 
(1979 — IBM 337@ 12134 635 7.71 x 196 15 2h 35 
1986 IBM 3380 15000 801 1.20 x 19! 1 2h 26 
1981 NIT PATTY 13978 1992 1.53 x 19! 8 32 7 
1984 NTT PATTY 25400 1800 4.57 x 19/ 6 20 

1985 IBM 3380(E) 15000+ ~1400  ~20.0+ x 19/* 
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TREND LARGE DISK 
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Bit cell length is 
related to physical —_t parameters 
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How Small is Small? 


100 A = Biological Molecule 
200 - 500 A = Magnetic Thickness Metal Film Disk 
2000 A = Minimum Base Width for Transistors 
0.25 uw = Head-Disk Spacing 
0.45 uw = Wave Length of Blue Light 
0.6 uw = Head Gap (Disk) 


10.000 K=1y=7 Micron = 10 Meters 
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How Small is Small? (Continued) 


0.65 yp = Wave Length of Red Light 
1.5 uw = Grove Width in Video Disk | 
25 w = Track Width - Disk | 
50 uw = Thickness of Human Hair 
100 » = Thickness of Typical Paper Sheet 


Readback Loss Factors 


i. ae 


d 
Medium 
(Track width = W) 
loss factors ea No? a NW x [loss factors] 
. -27d -7d (fet 
spacing ee ~@E \fci) 
sin 29. in ag(fci} 
gap (or pole) a ae 
71g 1g(fci) 
A 2 


-278 _ -75 (fci) 
thickness  1-e77 7 e 
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Geometrical Loss Factors | 
onReadback | 
spacing Loss = 27.3 x d x fci (db) 


sin [7/2 (g x fei) | 


Gap Loss = “a/2(qx fei) 
Example: 
fci = 50,000 


~3db loss due to spacing occurs at d = 2uy in. 
3db loss due to gap occurs at g ~ 20uy in. 
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TECHNOLOGY TRENDS 


MEDIA 
e PARTICULATE 

IRON OXIDE (%-Fe.0.) 

330 Oe 

PLATED 

Co-MODIFIED IRON OXIDE 

~ 600 Oe 

' SPUTTERED 


IRON OXIDE 
METAL PARTICLES 


Co-Cr (VERTICAL ANISOTROPY) 
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Media 


longitudinal 
vertical 


isotropic 


DISK MEDIA 


Objective: Maximize 


- Linear density 
- Track density 
- Reliability 


Requirements 


- High resolution 


ee 2 Mr 6 
C 
High S/N, $ 
Equalization 


Servo PES 
Off-track 


Low defect count 
High reliability 


Corrosion 
Wear 


TECHNOLOGY TRENDS 


¢ R/W 
y ) 
NRZ -> FM >MFM 2,7 CODE ‘77 
——> EQUALIZATION 


—— >» ECC 


¢ HEAD SLIDER 
PRESSURIZED AIR —> FLYING (MECHANICAL LOAD/UNLOAD) 
CONTACT (START/STOP) - LOW MASS 
SELF KoADnNe (NEGATIVE PRESSURE) 


¢ ACTUATORS 
X-Y (RAMAC) —» COMB — > DUAL 


a ee 
INDEPENDENT/DISK 


© DISK SIZE 
—p DECREASE 
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Typical Head/Disk Assembly 
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‘Read head pickup of old/adjacent track information 


Write head Read head 


| Required 
read 


r = ae as op 2 G2», Gn am 


Adjacent 
track 
pickup 


information — 
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Disk Storage Technology 


adjacent track 


old 
info 


Fipure 2) Radial section of disk showing 3 tracks 


written track. This minimum OFC is shown as OTC, 


in Vipure |. Wintersects the C,-C, curve at Ay and By. 


In the absence of other considerations, we would 
define the interval A, to By as the manufacturing 
tolerance and use P, as the nominal design point. But 
the necessity of moving the head radially across the 
disk complicates the design process. At the inner 
diameter (ID), bit (Hux change) density is the highest, 
requiting the best read capability. 


The write capability, however, is less demanding 
because head-to-disk separation is the smallest, while 
the disk coating is Che thinnest at the ID. We repre- 
sent this by Ry-Ry, Wy-Wy, and Cy-Cy curves. OTC, 
intersects C curves at A, and B,. For outer 
diameter cob). the IStis small because of lower bit 
(Hux chanpe) density. Therefore, the OD demands 
much higher write capability because of thicker 
coating and Taper head-to-disk separation, This is 
represented by ROR. WoW. and C.-C) curves. 
Note the relitive location af TD and OD curves. 
Similar to ID, OPC mitersects € A if A, and KR 


0) 


Por ease of discasston, we have assumed: that dhe 


—_ ee oe -——— 


adjacent track 


old 
info 


same OTC is required for ID and OD. In real life, this 
is not su, since track misregistration (TMR) at these 
(wo locations is, in fact, different. 


Therefore, for a head to function properly at both #5 
and OD, the design margin is shrunk to No and By, a 
indicated in the shaded area of Figure t. The ade: 
line design margin representation is true only for a 
given set of other recording parameters, such as disk 
coating thickness, orientation ratio, head-to-disk 
separation, read/write electronics, and so on. In 
fact, every one of these parameters has its own 
process variation and, therefore, is a distribution. 
When those distributions are considered, cvery curve 
in Figure 1 becomes a distribution. As a result, the 
design marpin, Ay and B, is trimmed down more. 


Error-rate prediction 


The soft (correctable) error-rate goal for a disk file ts 


chosen so that the time required for error recovery 
does not degrade throughput of data. 


Most soft errors result from noise induced into the 


head when it is muisregistered with respect to the 
written track. Noise ts any signal other than the 
desired data, including old data (old infomation) 
not entirely crased when the new data are written, 
The offset between head position while reading data 
and head position during (he write operation is called 
“write-to-read track misrepistration” (WRIMR). This 
offset is caused by uncorrected temperature, mech- 
anical, and electronics tolerances. 


To estimate the soft-error rate of a head/dist /data- 
channel combination, we must know the probability 
of getting an erton, Pp at each given WICEMA and the 
probability of the bead having that WREMAR 
(Vigure 2). Py. is measured on a precision test stand 
with accurate head positionmye by writing tracks ats 
shown in Figure 2, then reading a sufficient number 
of times at different head positions to yield the P. 
curve shown. 


The probability distribution of WRTMR (Figure 2) is 
obtained by combining all measured component 
WRIMR distributions by a Monte Carlo method, 
Again employing Monte Carlo, we can randomly 
select a head pusition from the WR'TMR distribution, 
determine the probability of a soft error, Pp, and 
finally find whether or not there was an error. By 
repeating this process thousands of limes, an estimate 
of soft-crror rate is obtained. 


If the estimate does not meet the error-rate goal, we 
can cither decrease the spread of the WRTMR dis- 
tribution (reduce temperature, mechanical, and 
scrvoelectronics tolerances) or widen the Pp. curve 
(alter head, disk, and data-channel design). Since 
off-track capability is a measure of the Pp curve 
width, we can relate this to Figure tif head geometry 
is to be allercd for better off-track performance. 
Following any necded performance or TMR tinprove- 
ment, the error rate is estimated again and compared 
to the goal. During disk-file development, many 
cycles of TMR and perfounance alferation and 
ennorrate estimation are analyzed, 


The process of estimation ts more comptes than 


cre 


Track Density in Magnetic Storage 


Buried Loss of Signal/Noise | 


Cross Talk Noise and Bitshift 
Sector _—is[Intermittant Control, Overhead 
i _ Geometric Stability of Disk Pack 


Dedicated Surface 


1000 2000 3000 4000 
TPI 
e V,« track width — fundamental difference with optical storage 


e At high FCPI adjacent track crosstalk rapidly increases bitshift 
beyond acceptable limit 


HEAD POSITIONING 


Open Loop 
low cost servo pattern 
e dedicated cuoinb 


arm 
Issue - cascaded mechanical & thermal tolerances 


e imbedded 


data 
(a) Sector 
—__ servo 
Issues - open loop when R/W 4 info 
e real estate data 
e slew rate 


e tolerance to disk defects 


(b) Continuous 


Issues - source of PES (position error signal) 
e disk fabrication 
@ sensor 
e servo while write 


CONCEPTS - ACTUATOR TYPES 


DEGREES OF FREEDOM 
LINEAR ACTUATOR 
RESONANCE 


DIRECTLY EXCITED 
INDIRECTLY EXCITED 
DAMPING 


ROTARY ACTUATOR 
PIGGYBACK ACTUATORS 
STEPPING MOTOR TYPES 


LEAD SCREW 
TAUT BAND 


8-44 


Sra 


actuator, however, the cffective mass at the head is 


the sum of the masses of the moving parts multi- 


plicd by the square of the ratio mass radius to head 


radius. 


Thus, the resulting effective mass of a rotary actua- 
tor is likely to be lower than its equivalent lincar 
actuator. A consequence of this is that the size and 
power of the motor required for a rotary actuator 


_ will be snvatler. 


This result satisfies two more of the basic actuator 
criteria. The disadvantage associated with rotary 
actuators is Chat ofhead yaw. This has at least two 
effects: 1) flying-height variation and 2) degraded 

mechanical stability. | 


In the case of the 62PC, the advantages of rotary 
actuators outweighed the disadvantages. This Ic ft 
the problems of yaw as perhaps the major mechani- 
cal problem to overcome during the development of 
the actuator. 


Actuator description 


The following description may be clarified by referr- 
ing to the pictorial sketch of the actuator shown in 
Figure 1. . 


A total of seven arms are used to carry the twelve 
heads needcd to access all surfaces of the disks. The 
five arms which are between disks carry two heads 
each and the two arms accessing the outer surfaces 
of the disk stack carry one head each. A single draw 


bolt is used to attach each head/arm assembly to the 


reference surfaces on the actuator hub. This permits 
removal of any one head/arm assembly from the 
final assembly without disturbing the other assem- 
blies. 


A voice coil attached to the opposite side of the 
actuator hub provides the necessary torque to drive 
the actuator. The voice coil comprises a multiturn 
coil wound onto a rectangular plastic former. This 
assembly is attached to the actuator hub. An 


velocity 


my 


move time 


Figure 2 Typical velocity/time trace 


E-shaped magnetic circuit provides two magnet gaps 
through which the radial surfaces of the coil pass. 
To minimize electrical interference to the data head 
signals, the preamp electronics are attached to the 
moving part of the actuatur as close to the heads as 
the inertia penalty will permit. The casting which 
holds this electronics provides the vertical reference 
for the head/arm assemblies. Once the head signals 
are preamplified, they are passed to the data sepa- 
rator via a flat cable. The cable is formed in a C 
shape to minimize the torsional input to the actua- 
tor. 
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time 


settling time 


To limit the angular motion of the actuator, a pia 
attached '« the hub casting is set between two 
preloaded spring assemblies. These springs cre__ 
arranged to stop the actuator within a certain 
distance with the actuator travelling at a terminal 
velocity of the order of 27 rad/s. To ensure 
efficient use of the disk surface, this distance has 
been arranged to be the minimum that the resulting 
G forces at the head will allow. 


The description so far has dealt with the moving 
part of the actuator. The swinging arm assembly is 
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Ov ; 
“ /itrack n track net track n*2 
track nei 
Ov ——— 


el 
track n /2 


| \ e e 2 
Figure 3. Data head signals: (a) conventional position 


error signal, (b) quadrature position error signal, (c) 


dedicated servo surface magnetization, (d) tribits at 


track n, (e) tribits at track nt”. 


igure 3(c, d, and ¢) explams the generation of normal 
and quadrature PES. The method uses the so-called 


tibit pattem, fist used by IBM in the 3340 disk file. 


Figure, 3c shows the surface magnetization tor three 
tribit cells, which alternately provide normal and 
quadrature position information. 


Pipure 3(d and e) shows the head signal produced 
with the head centered over a normal track position, 
and hallway between two nomial track positions. 
‘The poneiple moto find the difference between 
amounts of sipnal oonatiag from each side of the 


Peed) cyage centered 
Ove? ttackin 


. Track acuntes tine 
track n*3 


Teach nt trentertine 


track ne2% 


track center line. The value of the PES is therefore 
the difference between the positive pulse heights in 
the appropriate cell. Timing information ts contained 
in the negative pulses. 


The encoding technique for the data PES has to 
satisty different constraints, These arise because the 
demodulator has to operate in regular bursts, short 
enough to minimize loss of data capacity, yet long 
cnough to tolerate the effects of random short de- 
fects which occur in all magnetic disk coating. It 
must respond rapidly to changes in head-output 
amplitude which are likely to occur when different 
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heads are selected. Finally, the demodulated signal 
must define accurately the track center line. 


The null pattern, shown in Figure 4, ay uscd im G2PC 
to satisly these constraints. In this patter, magnetic 
transitions of opposite polantty appear simultaneously 
on cither side of the track center line. When the head 
is on track, these (wo transitions result in equal pulses 
of opposite polarity, ideally cancelling to pive no 
head output. In practice, tas dithicult €o muststan 
alignment between pairs OF transitions on adgacent 
tracks so that the head reads then simultaneously. 
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Track Width — | thee 


og 
(W = Track width) (s = — output) cs ir 
5 x We 77d (fei) Mete tp, ” 
1 
to} x«<— 
: W @ e e 
track density versus linear density 


bits/in? « (fci)(tpi) « (fci) x s x eT dl fci) 
holding s constant, maximize bits/in? in terms of bpi and tpi 


; 

O(bits/in’)_g 6, foi = 
Cl 7d 

(ignoring noise) operate where a further increase in 

linear density causes a greater signal loss than an 


increase in track density would. 


recording band 


Capacity (C) = 2 wr, -bpi-(r,—r,) 


outer radius recording band 


ro = 
r; = inner radius recording band 


or 


_ _ pl} 
C =27 (pi) [rr r=] 


oe. = 0 = 27 _ (bpi) [rj—-2r.] 


i 


or 


4 
10 —— Data Rate 
— (KByte/s) 


| Average Seek 
10° Time (ms) 


1955 ‘60 '65 ‘70 ‘75 ‘80 
Year of First Shipment 
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Table 1 Development of technologies in key areas of magnetic head and its air bearing support. disk substrate and its coating, head- 
positioning actuator, and read/wnite electronics. 


Year of first ship 1957 196] 1962 1963 1966 1971 1973 1976 979 1979 198] 
Product : 350 1405 1301 1311 962314 3330 3340 3350 3310 3370 3380 
Recordine densitv 
Areal density (Mb/in.’) 0.002 0.009 0.026 0.05! 0.22 0.78 169 3.07 38 7.8 >12 
Linear bit density (bpi) 100 220 $20 1025 2200 4030 5636 6425 8530 12154 15200 
Track density (tpi) 20 40 50 ba 100 192 300 478 450 635 >800 
Key geometric parumeters 
(microin.)- - ; -* : 
Head-to-disk spacing 800 650 250 125 83 so 18 oe 13 ne <13 
Head gap length 1000 700 $00 250 8§=10S8 100 ~& 50 4g 25 < 
Medium thickness © 1200 900 343 - 250 85 sO 41 id 25 41 <25 
Air bearing & magnetic element 
Bearing type hydrostatic hydrodynamic ‘** bal ae es =o — 
Surace contour flas a cylindrical 7° oe taper flat s(** dae oe 
Slider maternal Al on stainless steel ceramic ‘*° fernte °* oe ceramic °° 
Core matenal laminated =i = fermte ‘°° i 7 film = 
mu-metal 
Slider/core bond epoxy °° bg ee se glass integral °* = deposited °° 
Disk 
Diameter (in.) 24 os os 14 chad aa es = 8.3 14 * 
Substrate thickness (in.) 0.100 °° — 0.050 °** 0.075 °° as 2 he >0.075 
Rpm 1200 °° 1800 1500 2400 3600 294 3600 3125 2964 3620 
Fixed/removable fixed °° ae removable pack ** module fixed °° ee = 
Duta surfacesspindle 100 = baie 10. 20 19 6 15 1 12 - 15 
Actuator 
Access geometry X-y “2 linear radial 7 di ia o* rotary linear 2s 
Heads _ 2 heads/actuator I head/surface ** ee = Zheads/surface 1 h/s 2 h/s s 
Positioning motor-clutch hydraulic °* 7s voice coil motor ne ee = 
Final position detent °* = Be so, “Mee servo surface (+sector) servo surface 
Actuators/spindle (max. no.) 3 “ 2 1 oe" a a = 1 2 ee 
Avg. seek time (ms) 600 aca 165 150 = 60 30.0 25 - 27 20 16 
Readiwrite electronics : | 
Data rate (Kbytes/s) 8.8 17.5 68 69 312 806 885 1198 1031 1859 3000 
Encoding ~  NRZI ** “7° 6 ss 2f mfm ** = mim 2.7 ee 
Detection ampi °** °° 2 peak delta °° oe ee delta clip 
Clocking -2ose “¢* elk trk osc vfo = ‘t2 : a a se 


**Same as in preceding column. 


The evolution of the whole technology is given in the 
overview paper (3], and the progress in disk file manufac- 
turing and in selected innovations in materials, processes, 


Much of this development has been based upon the 
work of many individuals who have created, over the ras! 
quarter of a century, a technological base that has perimit- 
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and testing is discussed in the paper by Mulvany and. 
Thompson (4]. The present paper traces the development 
of each part of the technologies in four key areas: 


@ The development of the magnetic head and its air 
bearing support that provides the close spacing be- 
tween the disk surface and read/write head necessary 
for high-density magnetic recording. 

e The development of the disk substrate and its magnetic 
coating. | 

e The mechanical design aspects of the actuator that 
positions the read/write heads over concentric tracks of 
a rotating disk. 

e The key innovations in logic and electronics required to 
read and wnite data reliably and accurately from a disk. 


R ET AL 


ted the improvement of almost four orders of magnitude 
in areal density shown in Table 1 and also enhancements 
in performance, function, and reliability. Two individuils 
in particular deserve mention because their influence ws 
so pervasive through the early days of development. 
They certainly deserve credit for motivation and for ac- 
tive participation in many of the innovations to be dis- 
cussed. They are R. B. Johnson, who had the vision thut 
such a device was needed and could te built, and 
L. D. Stevens, who provided the engineering manaxe- 
ment that realized the first successful product (5]. 


Air bearing spacing and magnetic heads 
Film bearings, both self-acting and externally pressui- 
ized, have been in common use for over a hundred yes. 
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MODEL CHARACTERISTICS 


* SYSTEM I/0 RATE 
* CHANNEL THROUGHPUT CHARACTERISTICS 
* CACHE SIZE/HIT RATIO 
* CONTROL UNIT PATHING 
* DASD CHARACTERISTICS 
-- SEEK TIME 
-- DATA TRANSFER TIME 
-- NUMBER OF ACTUATORS 
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RESPONSE TIME (ms) 


Response Times for Non-Paging Disk Storage 


System Service Queuing Total 
Time Time Response 
Time 
TSO 32 33 65 
TSO 35 16 51 
TSO 35 21 5A 
IMS 38 21 59 
BATCH 34 23 57 


all times in ms 


+ ONE ACTUATOR FOR FOUR DISKS 
© ONE ACTUATOR FOR EACH DISK 
x TWO ACTUATORS FOR EACH DISK 


+ 


/ 


- REQUESTS/sec 
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IBM 3850 


EP 


The [3M 3850, introduced in 1975, is also 
a Gagnetic tape-based system. However, in place 
of reels it uses tape cartridges which are 3.5” 
long x 2° in diameter and contain up to 4 x 10 
bits. They are stored in a vertical honeycomb 
of hexagonal cells. as many as 4720 cartridges 
may be stored in a singis 3650. An automated 
accessing device picks the desired cartridge and 
presents it to an auto loading helical scan tape 
drive called a Data Recording Device (DRD). 


The media characteristics are shown in Figure 7. 
The data is staged from 

Magnetic Tape Cartridge 

2.7” wide tape, 770” long 

6250 bpi, 67 tpi 

50.4 M Bytes/cartridge 

$33/cartridge 


874 KB/sec:369 KB/sec 


1C0 ips search 


Figure 7: IBM 3850 Media 


the Data Recording Device to an IBM 3330 or 
3350 disk and then accessed from the disk as re- 
quired. Some of the configurations for the 3850 
are shown in Figure 8. The A models have one 


controller and the B models have two controllers. 


Models Capacity 


Al, Bl 35 G Bytes 


A2, B2 102 G Bytes 


A3, B3 169 G Bytes | 


A4, B4 236 G Bytes : 


Figure 8: IBM 3850 


The cep acety ranges from 2.8 x 1011 bits to 

2x 1042 pies. The majority of 3850 users have 

the 102 C Byte capacity system and employ it 

in a multi-host environment. A list of specifi- 
cations for the 3850 are given in Figure 9. The 
cost ruc such a system is from §.75M to $1.8M.. 


MECHANICAL 

Height: 72", width: 30°, Lengch: 180°-360" 
Heat Dissisation: i3,i5) - 41,500 BTU/hr 
Weight: 4250 - 10,310 lbs 

ELECTRICAL | 

208 Volts, 3 phase, 30-60 Amps 

PERFORMANCE 

Access time: 15 sec 

Up to 500 cartridge sounts/hour 

SOFTWARE 


MVS, MVS™A, YWS/1 


pam oe 


Figure 9: [3M 33850 Specifications 


MASSTCR M869 


A new entry this year in the cass storage 
field is the MASSTOR M360. An earlier sodei, 
the M850, is similar in design to. the IBM 3859; 
however, ¢::2 “2469 is a departure in both the 
mechanical accessing nechanism and the storage 
density on the tapes. Although che M860 uses 


' the same i8M cirtridze, it achieves three times 


the storage density. ‘the mechanical hardware 
is built by Nippon Peripherals, Incorporated. 
The M860 media characceristics are shown in 
Figure 10. 


Magnetic Tape Cartridge 


2.7" wide tapes, 770" long 
10,600 bpi, 130 tpt 

175 M Bytes/cartridge 
$33/cartridge 

1075 K Bytes:750 K Bytes/sec 


100 = 200. tps-searen 


Figure 10: MASSTOR M860 Media 


The M860 System is modular in blocks of 55 B 
Bytes and can be expanded with up to 8 modules 


or 440 B Bytes. Each module contains its own 


cartridge accessing ara. fhe System speciri- 
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“Length = 8.7 cm (4 in.) - 

"Dia. = 4.7 cm (2 in.) 

) 1 Width = 6.8 cm (3 in.) 

are .° Length = 16.94 m (770 in.) — eas 

ao - Usage Length = 1467 m (667 11.) ‘ ee ; 

a bare . Data Bytes = 4,096 per stripe “ys | ; . cB 
eee 7 : - Capacity . 50.4 Meas Rete a oe 
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Highest performance and reliability of any Removable 
Disk Drive * Lowest-cost 10 megabyte Disk Cartridge ° 
More resistant to shock and vibration than any other 
Fixed or Removable Disk Drive + More resistant to 
contamination than any other Removable Disk Drive ° 
Fastest start/stop (cartridge replacement) time o! 

any high performance Disk Drive * Only Disk Cartridge 
Subsystem (drive, controller and cartridge) to 
dimensionally conform to the diskette standard (siz’ 
and mounti’ 


a. Sp 


sJBSYSTEM SPECIFICATIONS 


CAPACITY 


USER AVAILABLE (FORMATTED) CAPACITY, BYTES PER 


AO iced aeons eittosena nana tdeews 10,027,008 
Cat GG oc eutetocntacteaeiea oe aseisceaeiactentceeens 10,027,008 
[UT Fo a nner ree Oe ee ran ee ee ee Oa 10,027,008 
TGR Soe at a Nec Dieta aaa eater era dea ee ene tes 32,768 
Sector ooo. is Data tet eanteet das tinegciat seeec eats tetugeclasoeecet 512 
PRC COI a ch raat gosto ee eka ta ceased oe ieee arses 256 
BYTES PER FORMATTED CARTRIDGE 
User Available ooo... ccccccsceseseccsecsscecscecsesensere 10,027,008 
Spare 
@ For Field Flagging, Min ooo eeccsscesscseeseeeee 873,472 
© For Factory Flagging, Max ooo... csesceseeseeeee: 51,200 
Overhead ....... Beg nee astue daub AN atest dl tad ee 3,155,280 
Total 14,106,960 
PERFORMANCE 
DATA TRANSFER RATE 
Drive to Controtler ooo. ccssssscssccesseers 1.13 Mbytes/sec 
Controller to Host 
@ Single Record Burst (256 bytes) ........ 1.13 Mbytes/sec 
® Contiguous Records (same track) ........ 896 Kbytes/sec 
SEEK TIME (INCLUDES SETTLING TIME) 
DV OTVUN seas ca soccccsnevnteneeessociad cites de batososeussiananieaceus 10 msec 
PG OCOGO ooo cte cc hitict elasererewheccucas ea eecconaonasient ae we. «682 mMsec 
IVS IN UIN asd esc aioe aoe reo ecaca ee escunen ieee bake 75 msec 
LATENCY (AVE RAGE ROTATIONAL DELAY) 20 msec 
Spindle Speed ooo... ec ccecsacceccesecescceesses 1 500 rpm t+ 0.5% 
TRACK-TO- TRACK ACCESS TIME 
Consecutive Records Over Track Boundary ........ 10.3 msec 
START/STOP TIME (AVERAGE) .....ccseecssesseeseeeeees 3/6 sec 
| RELIABILITY 
ERROR RATES 
. Data 
® Recoverable 10' bits 


POOF Cm OOEHH HOTT ETO HED OT EREHOHSOOOOS HOHEEHO OH HSER OY 


OOM once its Sel ants te necrlciacs Sica Ruel onset cs 108 seeks 
(AEAN TIME BETWEEN FAILURES 

SS VSO UNN c sstevaaeses da cisciagusdcbssedandaseosusseiniaurnieriess 8,000 hr 
MIEAN TIME TO REPAIR «.--:cesccscsssccccsesrsccssesrererenesseees 0.5 hr 
SERVICE LIFE . 5 years 
PREVENTIVE MAINTENANCE ................-s0cescceseecesneeee none 


CARTRIDGE INSERTION/REMOVAL CYCLES,MAX .. 5,000 


ENVIRONMENT 
OPERATING 
Temper adie dwmetanaeaieca 10°t0 46°C ... 50°t0-115°F 
Relative Humidity 
(Noncondens: ©? geenaiasbetdinececeu sae vewacedeuee dea cuadaee 10 to 80% 


Maaimnum Wet Bulb --.-.--0.--e cece eeeeeee cece 26.60 Cees vO°CF 
Maximum Temperature Gradient ........ 12°C/nhr ...... 22°F /he 
Altitude .......ccsseesesssesees. te aatas st to 3048 m..... 10,000 ft 
SSO CNP seas seueetbaaatat ensineveceteAtsoteteactadecaate, 39's for 20 msec 
Vibe AOI eo cs.scecsscceess oiecca coaches 0.85 g's at 5-17 Hz 
0.25 g’s at 17-500 Hz 

Air Cleanliness .............00.0.0. ck | eee ee ene 4X 10’ 

ee 4x 10° 

© 5 Oosnchcictclonna 4x 105 


STORAGE AND SHIPPING 
Storage (6 mo) 


Shipping (96 hr) 


Temperature 
© Drive and Controller ..... -22° to 52°C.......... -40° to 60 
| -B° to 126° ....... -40° to 140°F 
© Cartridge ......-...csessceeee: 10° to 52°C ........ -40° to 52°C 
50° to 126°F ....... 40° to 126° 
Relative Humidity (noncondensing) ...................+ 10 to 90% 
Shock *: (four drops) ou... ecee ee seeeeee 40 g‘s for 15 msec 
VW iDPALION © sasccsieisssaessleleacedscsdsbastoeessoderdede 1.3 g's at 5-27 Hz 
2 g,s at 27-60 Hz 
5 g's at 60-500 Hz 
POWER 
VOLTAGE 
Max Current (amps) 
Voltage (vdc) | Continuous ** Instantaneous 
i af, ee ene ee eee <1: een eee 4.0 
ie 2, eS eo TO ei hat 3.0 
DLO. a soicr Soca crcbareetocstesien tied: 7A | eee eee 3.0 
POWER (MAX CONTINUOUS POWER CONSUMPTION IN 
WATTS) 
First Drive With Controller ............ cc cccsccccccessesceceeeeee 55 
Each AdditionalDrive ................. pabdenaaeceeddessieteteaseveneus: 10 
PHYSICAL 
DIMENSIONS 
Height Width Depth 
Drive *.*®............... 4.50 in. ........ 8. 54 ir iV cates 14.09 in. 
114.30 mm ... 217.00 mm .... 358.00 mm 
Front Panel, .......... 4.50 in. ........ 8.54 in. .......... 0.24 in. 
Without Bezel 114.30 mm ... 217.00 mm ....... 6.00 mm 
Be 26b cicscteeesh: 1.83 in. ........ 8.54 in. .....0000- 0.52 in. 
46.50 mm ... 217.00 mm ..... 13.25 mm 
Cartridge .............. 0.71 in. ........ B23 1A: ceswews 11.02 in. 
18.00 mm ... 209.00 mm .... 280.00 mm 
- Diameter Thickness 
Flexible Disk oc... eee 7.8 in. we. 0.003 in. 
7 Omm ..... 0.08 mm 
. a ae : ere 


*°° Without front panel and with and withc 


MOUNTING 
Drive 
@ Same As Industry Sisnderd Diskette Drive (SA 801A) 
Controller 
@ Mounted Within Drive 


Cartridge 
@ No Protrusion Beyond Drive Bezel 
WEIGHT | 
First Drive With Controller’ eee 13.0 Ib... 5 90kg 
Drive With Protective Panels | ...... 12.4 Ib o000... 5.62 kg 
COtidge isiiiniiateinniGiawenecds ep |» eee 0.59 kg 
ORGANIZATION 
CONFIGURATION : 
Drives Per Controller ...............cccccccccceccecesccsceseeese 1104 
Cartridges Per Drive ..0.......cccceccceseesceceenceceseecesereres 1 
Flexible Disks Per Cartridge .............ccsesesccceesseeeesceseees 1 
Recording Surfaces Per Flexible Disk ...........cccceeeceeeee 1 
Formatted (user-available) Tracks per Surface ......... 306 
Formatted (user-available) Sectors per Track ........... 64 
Records Per Sector — ..........0cecccceeseeees tuiiad ndanavnuceeceencsaes 2 
Bytes Per Record .......cccccccccc cee ccsececscecnsecesoncceeetsees 256 
FORMATS 
Surface . 
© Outer Guard Bands ou... cecceececenseseeceeences 16 
@ Data ceciiree se eee Si la descents 306 
@2-Track  ........ se tadsbadeaacone sistas evelecndepceeseiay eee ers mee 1 
@ Spares, for Field Flagging ................:sesscsesseccerseeeeere 4 
@ Irnmer Guard Bands  ........0....cccecceccescesseveescecenscossees 16 
Total Tracks 343 
Track 
WU SUe: hissed ie eet ela 64 
OE CC ies aia rcstccesit esses a es 1 


on 
® 


® Spares, for Factory and Field Fiaguitsc ee ee) 
Total Secters 70 


t 

Sector ae 

® Data (two records of 256 bytes each) ........... os §12 = 
@ SOLUO: ocsicetinieieeiinch Skee ae a aes 27 
WCAG sev crckaceneicsciinticd ce saties ees idew ie ios Aan eeeedcenaauueeat 6 
NO) sa aaa ea aeons cantik vakelcngtens Mas ceasss eat nanacaas 4 
@VEO, Sync, and PAD uu... cccecccecseeeeecceeecenereecees _99 
Total Bytes 648 

RECORDING 

ENCODING METHOD  .nescccececeecceceesessesseeseeeeeeseses RLLC 
RECORDING DENSITY  ececceeccccessceesceseeeeeeees 24,000 bpi 
FLUX DENSITY 3 ceccccccceccccscssssscseserecsssssncssesese 18,000 fci 
TRACK DENSITY iicesesistiseistescecieccneccensen ts sevenwest 300 tpi 
AREAL DENSITY — .nncsceeessccsceccececceeeesererenes 7.2 Mbits/in.2 


* Each specified shock and vibration level is applied separatel 


to each of the three mutually perpendicular planes of the 
drive, the planes being defined as the top, front, and side. 


*® instantaneous values should be used in determining 
minimum power supply requirements. 


roller. 
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Longitudinal vs. Vertical vs. 
Isotropic 

~ Read 

came loss factors apply 


Write 
Transition width set by both 
Head field gradient <> medium demagnetization 
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ADVANTAGES OF -L RECORDING 


-@ DEMAG REDUCES AS X’GETS SHORTER 


e TRANSITION LENGTH = 0 (ADJACENT TRANSITIONS : AD) 
e THICK MEDIUM OK 


THICKNESS 
FIELDS 
FIELDS AID 
| OPPOSE aa" 
ow ap Ew ap an @ 1 : t 
q 
| 
§ 
| 
PS)-€714 LE) Ty. 
LONG » SHORT AW 


Be 
LONG A SHORT A 


LONGITUDINAL REC. LREC. 


Fundamental Noise Limits 


@ Johnson (thermal) noise from real (resistive) 
impedance of the magnetic head 

e Preamplifier input noise (limited by Silicon 
technology) 

@ Magnetic particle or domain distribution 


10° 


AREAL DENSITY 
(BITS/INCHS) 


305 RAMAC 
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Storace Density oF Macnetic Disk Drives, 


eres 


Bits/mmé 


1,6x10" 
16x10" 
1,6x102 
1, 6x10 


1,6 


AREAL DENSITY VS. TIME 
= | 


lo) 
FLEXIBLE 


ey ey ne Se SS eT ee 
1955 1970 1975 1980 1985 1990 1995 2000 
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HIGH DENSITY COMPARISON OF RECORDING MEDIA 


MANGANESE-ZINC FERRITE HEAD, g = 12,” 
FLYING HEIGHT <4 ," 
RELATIVE VELOCITY = 500 IPS | 


dB RECORD CURRENT OPTIMIZED AT 80,000 FRPI 
| ~ (AMPEX DATA) 


40 — NEC LONGITUDINAL 
| | PUBLISHED DATA 
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\ 
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0-11 NANOVOLT (PEAK)/TUAW. MIL. IPS 
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MAGNETIC STORAGE DEVICES 


LINEAR {thin film orocesses} =: TRACK {servo on data? 


DENSITY —--—-------------------- +--+ +--+ - +--+ +--+ +--+ ) 


DATA RATE. S<S=S3eS SSeS 5S Se ee SS eS >> 


Image storaoe 


MULTIPLE ACTUATORS 
ACCESS TIME qe nnn ----)) 


Storane subsystems 
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OVERWRITE 


_ IMPACT ON THIN FILM VERSUS PARTICULATE DISK 
_ IMPACT ON HEAD DESIGN 


TRACK SEEK AND SERVOING 


SOURCE OF PES 
- IMPACT ON CHOICE OF MEDIA 
PACK WRITER 
REPLICATED PATTERN 


WHAT IS CONTACT? 


- PERFORMANCE AS FUNCTION OF SURFACE 
VELOCITY & USAGE 
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Classification of Optical Data Storage 


Read/Write 


Read-Only 


Write-Once Erasable 
Media Type Factory replicated Various thin film Magneto-optic or 
| plastic disk with metal or organic phase-change thin 
embossed surface materials film materials 
Media Capacity 1 hr continuous video | 
Both Sides 100,000 video frames 2-8 GB Data | 1-4 GB Data 
30 cm Disk 1 hr digital audio” 20K-100K A4 doc. 
2-8 GB Data 
Applications Consumer entertainment Document storage High capacity, low 
Education/training Archival database cost store for small. 
Program distribution (tape replacement) systems 
Database distribution — On-line mass storage 
Videogame ROM (juke-box) 


$2-10/GB 


$0.5-5K $5-20K 


Media Cost (Tt) $10-50/GB 


$10-50/GB 


Drive Cost (T) 


“12 cm disk, 1 side 
1 R. Durbeck EEE MSS (1982) 
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General Requirements of 
Optical Data Storage Media 


High resolution and regular mark geometry 
To achieve high data density with adequate SNR and BER 


No intermediate processing 
To permit data verification during recording 


High sensitivity to diode laser wavelength, <100 mJ/cm?, 100 ns pulse 
Low energy marking mechanisms 
High optical efficiency — antireflection structures. 
High thermal efficiency — low thermal diffusivity media 


High playback contrast for mark, C > 0.2 
To minimize shot noise 


Well defined recording threshold 
To permit repetitive read without degradation 


Archival stability of media and recorded data 
Compatible with formatted disk substrate | 


Low cost/MB 


ERASABLE OPTICAL STORAGE 


* MAGNETIC AND OPTICAL DENSITIES 
BECOMING SIMILAR 


* DO NOT REALLY NEED OR WANT R/W CAPABILITY 
FOR ARCHIVAL STORAGE 


* — "UPDATE-IN-PLACE” QF GREAT VALUE FOR 
— DIRECT ACCESS TRANSACTION ORIENTED SYSTEMS 


* DIRECT ACCESS MEANS ON-LINE 
i IF REMOVABLE - SHOULD BE ARCHIVAL 


* WHAT THEN HAS ERASABLE OPTICAL TO OFFER TO 
JUSTIFY A TECHNOLOGY CHANGE? 


PERFORMANCE CHARACTERISTICS OF 
CRYSTALLINE PHASE-CHANGE MEDIA 


DISK ROTATION RATE 18828 RPM 


Disk DIAMETER 2B CM 

DATA RATE 1.25 MB/S 

RECORD POWER 8MW 

RECORD SPOT | O.8u DIAMETER, A= 830NM 
ERASE POWER 1aMW 

ERASE SPOT 19u X ip, A= 780NM 
PLAYBACK CNR 550B (38@KHz Noise BW) 


No. OF CYCLES >196 


PERFORMANCE CHARACTERISTICS OF 


MAGNETO-OPTIC MEDIA 


SHARP 
READ/WRITE 
WAVELENGTH 78QNM 
MEDIA GDTBDYFE 
QUADRILAYER 
DISK 
ROTATION 
RATE 988 RPM 
DATA RATE 4 MB/S 


RECORD POWER 4.8 MW 
READ POWER 1,8 MW 


PLAYBACK CNR 
(38 KHZ) ~ 4G OB 


No. OF CYCLES 7 


3M 


820NM 


QUADRILAYER 


1860 RPM 
16 MB/s 
10 MW 
1.5-3 MW 


58 DB 


MATSUSHITA 


830NM 


GDTBFEGE 
BILAYER 


1888 RPM 
4 MB/S 

9 MW 

1,8 MW 


49 DB 
>10° 


ESTIMATED OPTICAL DATA STORAGE MARKET 


OPTICAL DATA STORAGE TOTAL 


& 


SHIPMENT VALUE & BILLIONS 


3 
CODED DATA 
2 
VIDEO/DAD 
1 
IMAGE/DOCUMENTATION 
82 83 84 8§& 86 87 88 89 90 


OPTICAL STORAGE IS A CURRENTLY EMERGING 
PRODUCT CATEGORY OFFERING A VARIETY OF 
FUNCTIONAL MODES: READ-ONLY, WRITE-ONCE AND 
REVERSIBLE. 


WITH THE EXCEPTION OF REVERSIBLE OPTICAL 
STORAGE, IT CAN BE LARGELY COMPLEMENTARY TO 
EXISTING MAGNETIC DISK TECHNOLOGY, 


LOW COST REPLICATION OF HIGH CAPACITY OPTICAL 
READ-ONLY MEDIA CD-ROM WILL PERMIT 
SIGNIFICANT NEW.APPLICATIONS IN IMAGE AND 
DATA DISTRIBUTION, 


HIGH CAPACITY, LOW. COST, REMOVABLE WRITE- ONCE 
OPTICAL MEDIA CAN ATTACK MAJOR NEW 
APPLICATION AREAS WHICH ARE MARGINALLY (COR 
NOT) BEING MET BY MAGNETIC STORAGE, 


OTHER OPTICAL STORAGE ISSUES 


- REMOVABLE 
EXPECTATION OF BEING ARCHIVAL 


-* ~~ ON-LINE USE 
THROUGHPUT 
ACCESSES/GIGABYTE 
MULTIPLE ACTUATORS? 


* BACKUP FOR HIGH CAPACITY 
READ/WRITE OR WRITE ONCE 
OPTICAL DISKS. 
DRIVE & MEDIUM CONCERNS 


CHANGING NATURE OF DATA STORAGE MARKETPLACE 


COMMODITY MARKET 


HIGH VOLUME 
CosT SENSITIVE 


UNCONTROLLED ENVIRONMENTS 


PERVASIVE USES 
MAINTENANCE FREE 


GROWING REQUIREMENT FOR COMPATIBILITY 


@® The User 


— Lowest cost/bit 
— Read/Write and nonvolatile 


— Competitive marketplace-large choice 
of product offerings 


@® The Manufacturer 


— Multi-billion dollar industry 
— Established production processes 


— Demand for capacity increases faster 
than storage density from technological 
progress—growing market 


®@ R&D 


— Areal density still far from ultimate limits 
— Fairly well understood phenomenon 
— Reversible process—inherently stable 


Measuring the Potential 


of Storage Technologies 
@ Physical Limits — (Translation: Ultimate) 


@ Engineering Limits — (Translation: Feasible) 


® Marketplace Limits — (Translation: Rubber 
meets the Road) 


Magnetics versus Optics 


® Issues 
_— Archival Quality 
— Cost for Library Storage 
~ — Perception 


Actual Experience versus Benefit of the Doubt 


COMPARISON OF CURRENT PERFORMANCE 
PARAMETERS IN MAGNETIC AND OPTICAL 


STORAGE 
IBM 3380 | Optical 
Kewsl Density 12 200-6800 Mb /in* 
Lineal Density 10 | 15-45 — Kbpi 
Track Density ~ 800 15 Kip! 
Data Rate 3 0.5-3.0 VIB/s 
Seek Time _ 18 | 85-500 ms 


Access Density ~ 80 | 2-5 10/s/G8 
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Ultimate Limits? 
@ Magnetic Recording | 
— Minimum Domain Size 
— Medium Signal to Noise Ratio 


Spacing Dominant Parameter 


@ Optics 
— Limits due to Wavelength of Light 


ARCHIVAL STORAGE 


(MEDIA TRANSPORTED TO READ/WRITE DEVICE) 


MARKET [SSUES THAT AFFECT TECHNOLOGIES 
= SOURCE OF DATA 


- DATA RATE 
- AccESS NEEDS 


= COST OF "DEAD" STORAGE 


- INCLUDES MANY NEW APPLICATION AREAS 


-~ NO COMMITMENT TO EXISTING 
TECHNOLOGY 


i DEFINITION OF "LIFETIME" 
- DATA AVAILABLE FOR EXTENDED 
BUT INDEFINITE NUMBER OF 
YEARS 
- AGING PHENOMENA 


= TAMPERPROOF 
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MAGNETIC VERSUS OPTICAL TECHNOLOGY 
CONSENSUS EMERGING 


sa NO GREAT DIFFERENCE !N DENSITIES 
EXPECTED FOR ON-LINE STORAGE; 
THUS, | 
TIME LEAD OF OPTICS (DENSITY-WISE) 
ONLY FEW YEARS AT BEST. 


CONCLUSION 


ss MARKETPLACE MOST CRITICAL ASPECT FOR 
SUCCESSFUL INTRODUCTION OF 
OPTICAL STORAGE, 


ba REMOVABILITY IN A DISK FORMAT 
AN ESSENTIAL ATTRIBUTE FOR SUCCESS 
(DIRECT ACCESS WHEN ON DEVICE) 


MEDIA REMOVABILITY 


DISK VERSUS TAPE 


FoR BACKUP -- WANT SECOND COPY 
FOR LOW COST/MBYTE FOR ARCHIVAL STORAGE NEED SHELF STORAGE 


(DISK OR TAPE CARTRIDGE) 
FOR REASONABLE ACCESS TO SHELF STORAGE NEED AUTOMATIC LIBRARY 


AUTOMATIC LIBRARY REQUIRES MORE THAN ONE PATH TO DATA 


FOR RELIABILITY 


ACCESS TO DATA THEN IS FUNCTION OF LIBRARY AS WELL AS 


STORAGE MEDIUM 


DATA ORGANIZATION KEY AND THIS RELATES TO READ & WRITE FEATURES 


6-8E 


~ ARCHIVAL LIBRARY 


OPTICAL DISK VS HIGH DENSITY MAGNETIC TAPE 


. Cost PER MEGABYTE - FAVORS MAG TAPE 
i“ DATA RATE - FAVORS MAG TAPE 
* VOLUMETRIC EFFICIENCY - FAVORS MAG TAPE 
: LIBRARY CONFIGURATIONS - FAVORS MAG TAPE 
* ACCESS TO MEDIUM UNIT - FAVORS MAG TAPE 
* Access ner MEDIUM UNIT - FAVORS OPTICAL DISK 
. ARCHIVAL LIFE - Favors (?) 


APPLICATION KEY TO 


DISK VERSUS TAPE IMPLEMENTATION 
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Increase in Areal Density 
with Time 


Data-packing density 
(bit/in2) Optical recording 
108 <=>) Vertical recording | 


oe” 


Thin-film cal gasiai 
107 heads - Metallic mediums 


Rigid disks 


61 Ferrite 
0 heads 


10° Flexible disks 
04 — 
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The Moving Target 
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Mass storage 


Increase in storage density <--- 


----» Decreasing cost/bit 


New applications 


Growth of market 


t-----Economies of scale 
Increase in R&D -------------~ 
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